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1. INTRODUCTION 
Bridges are a vital element of the United States' 
surface transportation system. The latest Federal Highway 
Administration figures list 578,000 bridges on U.S. highway 
> systems [9]. Of these bridges, 23.5% are rated 
structurally deficient, and 17.7% are rated functionally 
obsolete, i.e., bridges with poor deck conditions, 
underclearance, etc. [12]. More than twice as many of the 
deficient bridges are on the non-federal aid system as are 
on the federal aid system. Aging and poor maintenance 
cause thousands of bridges to be added to the list of 
deficient bridges every year, intensifying the problem 
despite efforts by the Department of Transportation and 
local agencies to strengthen, repair, or replace the 
nation's bridges. Several bridge failures are reported 
every year, focusing the interest of both the public and 
the authorities on the problem. 
As bridge conditions deteriorate, authorities are 
forced to either reduce the allowable loads ("posting") or 
close the bridge. In addition to the inconvenience caused 
by detouring traffic, the longer travel distances that are 
usually associated with alternate routes increase the 
transportation cost paid by the traveling public. In order 
to help alleviate or, in some instances, completely 
eliminate bridge closing problems, a bridge system that can 
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be quickly, economically, and easily constructed is needed. 
The desired system needs to be flexible enough so that it 
can be used to construct reusable temporary bypass bridges 
as well as permanent bridges. The temporary bridges can be 
constructed near an existing bridge and carry the traffic 
while the permanent bridge is closed for repair or other 
maintenance activities. In some instances the bridge can 
be constructed on the piers of the original bridge thus 
requiring no additional access roads or causing no change 
in alignment. When a temporary bridge is no longer needed, 
it can be disassembled and transported for use at another 
site. 
Similar problems exist in the railroad industry. In 
some instances, the problem is even more critical, because 
the limited number of railway lines limit the number of 
possible re-routings if a bridge needs to be repaired or 
replaced. 
Prefabricated elements and systems offer a unique, low-
cost solution for replacing or widening deficient bridges. 
Many such elements and systems are presently available. 
Precast, prestressed concrete units such as prestressed 
beams and slabs have been used for short-span bridges, 
i.e., those that require no intermediate supports. In 
situations where longer spans are needed, these units 
require one or more intermediate supports; however, the 
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construction of intermediate supports is costly and cannot 
be accomplished quickly. A critical need exists for a 
structural system that can be used for longer spans without 
intermediate supports or even for longer spans if 
intermediate supports are provided. 
Concrete shell structures have been used for a long 
time to construct roofs that cover large areas. The 
internal forces in shell structures are mainly axial 
forces. This allows the construction of relatively thin 
roofs that economically cover long spans. Analytical 
studies at Iowa State University [3] determined that 
integrated shell-deck sections (see Fig. 1.1) can be used 
to construct economical bridges. Segments of these bridges 
can be constructed at a casting yard and can be transported 
to the construction site where they can be post-tensioned 
together, forming a bridge. 
The objectives of the work presented herein include the 
following: 
1. To modify the configuration of the proposed 
integrated shell-deck section [3] so a more 
economical system can be achieved. 
2. To analytically investigate the behavior of a 
bridge built using the modified cross-section. 
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CURB 
EDGE BEAM 
DECK 
/PRECAST 
SEGMENT CYLINDRICAL OR 
ELLIPTICAL SHELL 
Figure 1.1. Segmental shell-deck bridges 
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3. To calibrate the analytical results by testing a 
segmental bridge model constructed with the cross-
section obtained in Objective 1. 
4. To determine the potential problems associated with 
the construction of this type of a bridge. 
5. To determine the response of the integrated shell-
deck bridge system to different cases of loading. 
6. To investigate the behavior of the interface 
between the adjacent segments under the post-
tensioning forces and external loading. 
7. To study the effects of using different 
alternatives to connect the bridge deck to the 
shell edge beams (see Fig. 1.1) on the structural 
behavior of the integrated shell-deck cross-
section. 
The above objectives were accomplished following these 
steps 
1. Review available concrete bridge systems with 
emphasis on segmental bridges. 
2. Review available techniques that can be used to 
model reinforced concrete structures. 
3. Design, fabricate, construct, and test a 1:3 scale 
segmental reinforced concrete bridge model. 
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4. Test several configurations that can be used as a 
connection between the curbs and shell edge beams. 
5. Test the bridge model under conditions simulating 
AASHTO specified loads, as well as a single 
concentrated load positioned at different locations 
on the bridge deck. 
6. Perform theoretical analyses and compare the 
results with those obtained in Step 5. 
2. GENERAL BACKGROUND AND CONCEPTS 
Reinforced concrete bridges were first built late in 
the nineteenth century [16]. The durability of the 
concrete and the ease of forming any desired cross-section 
with it made concrete an excellent material. Early bridges 
were beam-and-slab-type bridges constructed using cast-in-
place techniques. Reinforced concrete bridges were 
constructed using a variety of cross-sections, spans, and 
structural systems. The low tensile strength of concrete 
caused it to crack under loads. The cracked portion of the 
section is ignored in the analysis of reinforced concrete 
elements. To avoid concrete cracking and to achieve better 
economy of concrete bridges, prestressed concrete 
techniques were used. The concept of prestressed concrete 
was originated in 1886 by Jackson [26]. However, the 
practical application of prestressing was hindered by 
losses in prestress mainly caused by shrinkage and creep of 
concrete. The development and use of high-strength steel 
made these losses smaller when compared to the initial 
prestressing force. Extensive construction of prestressed 
concrete bridges started after World War II because of the 
shortage of conventional reinforcing steel. To get the 
full benefit of prestressing, high strength concrete was 
widely used, which led to an increase in durability and 
reduction of maintenance costs. Precasting was also used 
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to make the production of high strength concrete more 
economical. The weight and length of precast elements was 
limited by the available means of transportation. The 
segmental method of construction was used to construct 
longer precast spans. This method involves the manufacture 
of the bridge structure in a number of short segments [20]. 
During erection the segments are post-tensioned together 
end-to-end to form the completed superstructure. The 
length and weight of the segments are limited by the 
transportation and erection procedures used. 
Many reinforced and prestressed concrete bridge systems 
are currently in use. The choice of a bridge system is a 
function of the cost, construction time, site conditions, 
and the span length required. Following is a brief 
description of the more important concrete bridge systems. 
2.1. Concrete Bridge Systems 
2.1.1. Beam-and-slab system 
This system is the simplest bridge system available. 
It is most suitable for short-span bridges up to 80 ft. 
Precast-prestressed beams, rather than cast-in-place beams, 
are widely used. However, the deck slab is still cast in 
place in most cases. 
The most common method of construction of these bridges 
is to use a crane to place I-shaped precast beams. Wooden 
or metallic forms, placed spanning the space between 
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adjacent beams, are used for casting of the cast-in-place 
deck slabs [29]. These forms are removed after the 
concrete cures. Web reinforcement in the precast beam 
extend outside the top of the beam when composite action is 
desired. This reinforcement provides shear connection 
between the precast beams and the cast-in-place deck slab, 
ensuring that the two of them act compositely under the 
effect of live loads. More recently, stay-in-place precast 
thin slabs, which have a roughened top surface, have 
replaced the forms. Thus the deck slab consists of two 
layers, precast and cast-in-place. The relative movement 
between the two layers is prevented by the concrete 
adhesion along the interface and by aggregate interlocking 
caused by the roughness of the interface surface. 
Channels and single- and double-stemmed sections are 
also used for the beams. These sections have shear keys 
along the deck edges to distribute the load between 
adjacent beams and to ensure the continuity of the 
deflection in the transverse direction. The use of these 
sections shortens construction time by eliminating the 
cast-in-place deck slab. Another advantage is that the 
entire section, not just a part of it, carries the dead 
load. The inclusion of the deck slabs in the section 
increases the weight of the precast units, though the total 
weight of the bridge may be less than that of a bridge with 
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a cast-in-place deck. This increase in weight makes 
transportation more difficult and puts another limit on the 
span lengths that can be transported and constructed. 
2.1.2. Concrete arch bridges 
An arch may be defined as a member shaped and supported 
in such a way that intermediate transverse loads are 
transmitted to the supports primarily by axial compressive 
forces [26]. This tends to favor concrete as the 
structural material, because it has high compressive 
strength compared to its tensile strength. Arches are most 
suitable for long, simple span bridges where the topography 
of the site makes it difficult or uneconomical to construct 
intermediate piers. Concrete arch bridges were used to 
construct spans up to 1000 ft. long [26]. Today, for very 
short spans crossing waterways, precast arched culverts are 
being used successfully. 
Constructing concrete arches is difficult because of 
the special care needed to prepare curved formwork. 
Circular arches have the advantage of having constant 
curvature. Thus, one form can be used to cast different 
parts of the arch. Parabolic arches are structurally more 
efficient than circular ones; however, changes in curvature 
along their length makes them more difficult and more 
expensive to construct. To avoid the difficulty of 
constructing arch bridges, the curved arch was replaced in 
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some cases by a series of straight elements. The common 
cross-sections of the arch bridges are the solid slabs, 
solid slabs with ribs, and box sections (see Fig. 2.1). 
2.1.3. Concrete box-airder bridges 
Box girders have been used to construct spans up to 700 
ft. long. A concrete box-girder consists of at least four 
flat plates continuously connected along their edges to 
form one or more closed cells (see Fig. 2.2). The 
thickness of the individual plates is small compared with 
other dimensions of the cross-sections. A typical box-
girder will also include some system, of transverse 
diaphragms or cross girders that increase the torsional 
rigidity of the section and improve distribution of the 
load between adjacent boxes of multi-cell girders. Some of 
the advantages of box girders as used in bridges include 
the following: 
1. Box girders have high torsional stiffness and 
strength, compared with an equivalent member of 
open cross-sections. This is of particular 
importance in structures curved in plane where 
the structure is subjected to significant 
torsional moments. This torsional stiffness and 
strength are also important in straight 
structures as they contribute to the efficient 
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(a) TYPICAL ARCH BRIDGE 
SOLID SLAB CROSS-SECTION 
nj u u 
SOLID SLAB WITH RIBS 
BOX SECTION 
(b) SECTION A-A : TYPICAL CROSS SECTIONS 
Figure 2.1. Typical concrete arch bridge 
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support of eccentric loads and to the effective 
distribution of load in the transverse direction. 
2. The top of box girders also serves as the 
bridge's deck slab, thus eliminating the casting 
of the roadway surface. 
3. Characteristically, box girders have large flange 
widths at both the top and the bottom of the box. 
This maintains the strength and the stiffness of 
continuous girders along their full length 
despite changes in the sense of the applied 
moment (i.e., positive moment vs. negative 
moment). 
4. The maintenance of box girders is probably easier 
than that of equivalent girders of open sections. 
The interior space of the box girders may be made 
directly accessible without the need for 
scaffolding. The exterior is usually composed of 
simple, plane surfaces without protruding 
details. This obviously facilitates maintenance 
and at the same time, prevents staining [26]. 
Although a top slab thickness of approximately 6 in. 
can prevent punching shear failure caused by concentrated 
wheel loads, it is recommended that a slab thickness of not 
less than 7 in. be used to allow enough flexibility in the 
layout of the reinforcing steel and prestressing ducts and 
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to obtain an adequate concrete cover over the steel and 
ducts. A wearing surface is usually used to protect the 
top slab against damage by weather or by direct contact 
with the wheels. The AASHTO specifications [2] specify the 
minimum thickness of the bottom slab to be 1/16 of the 
clear span between webs but not less than 5-1/2 in. 
However, 5 in.- thick bottom slabs were used in some of the 
early bridges [27]. Cracking problems were reported in the 
thin bottom slabs caused by the combined effect of the dead 
load carried between webs and the longitudinal shear 
between webs and the bottom slab. It is now recommended 
that a minimum thickness of 7 in. be used regardless of the 
stress requirements. Where longitudinal ducts for 
prestressing are distributed in the bottom slab, thicker 
slabs are usually necessary depending on the duct size 
[27]. In addition, near the piers the bottom slab 
thickness is progressively increased to resist the 
compressive stresses caused by longitudinal bending. 
In the case of wide bridges and in the case of bridges 
with large width-depth ratios, the required thickness of 
the top and bottom slabs increases. However, it is 
possible to reduce the thickness by dividing the girder 
into more than one box (see Fig. 2.2b). For additional 
economy, the bottom slab is removed from every other box, 
leaving a cross-section that consists of several separate 
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boxes transversely connected by only the top flange (see 
Fig. 2.2c). Furthermore, sloped webs can be used to 
decrease the width of the bottom slab (see Fig. 2.2d). 
The efficiency of transverse load distribution in box-
girder bridges was investigated by analyzing several 
bridges that have two separate boxes. These bridges were 
subjected to a uniform line load parallel to the 
longitudinal axis of the bridge next to the curb. Results 
indicated a very satisfactory load distribution between the 
two boxes even without the need of intermediate diaphragms 
between boxes. The load factor, which is the ratio between 
the load carried by the near box to the load that would be 
carried if it was equally divided between the two boxes, 
was 1.1 to 1.4, depending on the distance between the 
boxes, the thickness of the top slab, the span of the 
bridge, and the dimensions of the boxes. 
The upper bound of the load factor (1.4) compares to a 
load factor of approximately 4 for a typical deck plus I-
girder bridge [27]. The reason for this low ratio is the 
combined effect of the torsional rigidity of the girder and 
the flexural rigidity of the top slab acting transversely 
as a rigid frame with the web and bottom slab. This does, 
however, produce higher torsional stresses in the boxes and 
higher transverse bending moments in the top slab. 
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(a) SINGLE-CELL BOX GIRDER 
(b) MULTI-CELL BOX GIRDER 
(c) MULTI-CELL BOX GIRDER WITH DISCONTINUOUS BOTTOM SLAB 
(d) MULTI-CELL BOX GIRDER WITH DISCONTINUOUS BOTTOM SLAB 
AND SLOPING WEBS 
Figure 2.2. Typical cross-sections of box girders 
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To further reduce the weight of box girders, webs can 
be replaced by truss elements. Two bridges constructed 
using this arrangement are described in Ref. 31. The truss 
elements are made of prestressed concrete. They were cast 
and prestressed separately and then installed in the forms 
before the top and bottom slabs were cast. 
2.1.4. Composite steel-and-concrete bridges 
A conventional composite beam consists of a steel beam 
and a reinforced concrete slab connected together to 
prevent relative displacement along the interface between 
them. Portions of the slab acts compositely with the beams 
to carry the applied loads. The connection between the 
slab and the beams is designed to resist the shear forces 
that develop along the interface surface when external 
loads are applied. Connecting the slab to the beam also 
prevents the uplift of the slab ends that is caused by the 
differential shrinkage through the depth of the slab [26]. 
The concrete flange of a continuous composite girder is 
in tension in regions near the intermediate supports. The 
slab in these areas is usually cracked, so most codes do 
not consider the slab to be part of the section when it is 
subjected to tension [32]. However, prestressing the deck 
in the longitudinal direction in regions of negative 
moments is one way to overcome this problem. Two different 
techniques can be used for the prestressing. In the first 
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technique, the intermediate supports are lowered after the 
concrete is hardened, subjecting the concrete to initial 
compressive stress in the regions near the supports [26]. 
The longitudinal compressive stress should be higher than 
the maximum tensile stresses that will be developed under 
the effect of live loads. This technique is most suitable 
for two-span bridges. The disadvantage of this technique 
is that the prestressing of the slab comes at the expense 
of increasing stresses in both the steel and the concrete 
in the regions of positive moment. The second technique 
uses tendons to prestress the deck slab in the longitudinal 
direction in regions of negative moments. This technique 
can be applied to bridges with any number of spans. If the 
slab was precast, the prestressing force can be applied 
before the shear connectors are connected [26]; thus, there 
would be no concentrated moments applied to the composite 
section. 
2.2. Préfabrication in Bridge Construction 
Préfabrication or precasting of bridge superstructures 
requires a casting plant where formwork of different 
elements of the bridge are constructed, reinforcement and 
tendons or post-tensioning conduits are positioned, and 
concrete is placed. The various elements are then 
transported to the bridge site and assembled to form the 
bridge superstructure and, in some cases, even the piers 
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and abutments. The assembly process may also involve cast-
in-place concrete, preparation of joints, and on-site 
prestressing. The following lists some of the reasons that 
make the use of prefabricated units preferable to the use 
of cast-in-place units. 
1. Avoidance of underestimated shrinkage effects. A 
major part of the shrinkage occurs before the 
placing of the precast units in the structure. 
2. Reduction of long-term deformations caused by 
creep, which decreases with concrete age when 
first loaded. 
3. Economy in the use and cost of auxiliary materials 
such as formwork, scaffolding, etc. 
4. Independence of climatic conditions. 
5. Reduced building time. 
6. Greater flexibility in construction methods. 
7. Adaptability to social circumstances: 
a. shortage of labor 
b. concentration of manpower in fewer design 
centers. 
8. Shorter on-site construction time since the 
superstructure may be fabricated as the 
substructure is being constructed [14, 23]. 
On the other hand, préfabrication has the following 
limitations; 
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1. Préfabrication is more suitable for structures 
with repeated identical units that allow the use 
of the formwork several times. In cases needing 
major modification of the formwork or involving us 
of forms only once, precasting may lose its 
economical advantage. 
2. The size of the precast elements is limited by the 
available means of transportation. The cost of 
joints and fasteners add to the total cost of the 
structure. 
3. Errors in casting may not be discovered until the 
structure is being assembled; thus, special care 
is required in constructing precast elements. 
In general, the advantages of préfabrication outweigh 
its limitations, making it the most appropriate alternative 
for rapid construction of concrete bridges. 
2.3. Segmental Bridge Construction 
2.3.1. General overview 
Beginning in the mid 1960s, the Freyssinet Organization 
in France [28] initiated a technology of using precast 
concrete to construct segmental box-girder bridges. This 
technique eliminates the need for expensive falsework and 
overcomes the limits on the size of prefabricated 
structures that are imposed by the available transportation 
means. This technology subsequently spread to countries 
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throughout the world, including Canada and the United 
States. For instance, the Lievre River Bridge in Quebec, 
Canada, completed in 1967, was the first North American 
segmental box-girder bridge. The JFK Causeway, Corpus 
Christi, Texas, was the first bridge in the United States 
built using this method and was opened to traffic in 1973 
[ 2 6 ] .  
Segmental bridges can be constructed using both cast-
in-place or precast techniques. In addition to the high 
quality control attained through plant production, 
precasting has many advantages over cast-in-place 
construction, which include the following: 
1. Mass production of standardized girder units is 
possible. 
2. Greater economy of production is possible by 
precasting the girder units at a plant site rather 
than casting them in place. 
3. Precasting eliminates the need of sliding forms 
that are expensive and difficult to operate, 
especially in the case of girders with variable 
depth. However, cranes are needed to move the 
precast segments. 
4. Erection can be completed more quickly. This is 
important when construction interferes with 
traffic. 
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2.3.2. Construction of segmental bridges 
Box girders are usually used in constructing segmental 
bridges because of their stability during construction. 
Most segmental bridges are built using the balanced 
cantilever method. With this method, the construction of 
each section of the bridge starts with the segment located 
above one of the intermediate piers. Segments, precast or 
cast-in-place, are added on each side of the pier and 
integrated in the cantilever using prestressing cables as 
illustrated in Fig. 2.3. The segments are added in such a 
sequence to minimize the unbalance moments. The piers and 
the connection between the cantilevers and the piers must 
be designed to carry these moments. Differences between 
adjacent span lengths should be kept as small as possible 
to minimize the unbalance moments. 
In cases with short end spans, the cantilever extended 
from the first pier toward the abutment can cover the 
entire span (Fig. 2.4a). For longer first spans, false 
work can be used to cast the portion of the span next to 
the abutment (Fig. 2.4b). As has been shown, the balanced 
cantilever method is suitable for continuous bridges. 
Some modifications are necessary for the construction 
of simple spans. One way is to use a construction truss 
that is supported on the piers or on temporary scaffolding 
and spans the entire distance between supports. Precast 
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Figure 2.3. Principle of balanced cantilever construction 
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Figure 2.4. Segmental construction of continuous girders 
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units are placed on top of the construction truss and then 
post-tensioned together (Fig. 2.5a). The truss is then 
removed leaving the span supported on the piers. If the 
truss interferes with traffic, its level can be raised and 
the segments hung from the bottom of the truss, leaving 
enough clearance for traffic passing underneath (Fig. 
2.5b). Another possible sequence is to construct a 
temporary pier close to one of the abutments or permanent 
piers. A simple span, segmental or conventional, is 
constructed between the abutment or the permanent pier and 
the temporary pier. The segmental construction can 
continue as a cantilever extending from the temporary pier 
toward the far end of the span (Fig. 2.5c). Supports must 
be designed to resist the uplift forces that are developed 
as the cantilever length increases. Once the cantilever 
reaches the far pier and the post-tensioning is completed, 
the temporary pier can be removed. A third technique is to 
start the construction at one abutment as a cantilever that 
extends toward the other end of the bridge (Fig. 2.5d). 
The dimensions and the weight of the abutment are designed 
to maintain the stability under the effect of the 
overturning moments. To maintain the economy of the 
design, sand-filled concrete box abutments are often used. 
These techniques for constructing simple spans can also be 
used in the construction of continuous girders if the site 
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Figure 2.5. Segmental construction of simple spans 
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conditions or the length of the first span makes it 
desirable to start the construction from the abutments. 
Another technique is available for constructing or 
replacing simple span bridges that cross navigable 
waterways. The bridge can be assembled and post-tensioned 
on a barge in the vicinity of the construction site. The 
barge with the bridge span is then moved to the bridge 
location. Once the barge is between the abutments, the 
barge is lowered by adding additional weight until the 
bridge span rests on the abutments, minimizing the 
interference with the navigation in the waterway. 
2.3.3. Structural svstems of multispan segmental bridges 
The first multispan segmental bridges were built using 
the balanced cantilever method and were provided with 
hinges at the center of the various spans. Such hinges 
were designed to transfer vertical shear caused by live 
loads while permitting a free expansion and contraction of 
the concrete deck in the longitudinal direction. This 
arrangement maintained the continuity of the deflection 
curve in terms of vertical displacements but not the 
continuity of rotations. The main advantage of this system 
was the simplicity of the design and layout of prestressing 
systems. The various parts of the structure are statically 
determinate under the effect of dead loads and prestressing 
forces. Because the deck is fixed to the piers, the effect 
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of the live loads is easy to determine, because there are 
no moment reversals in the deck. 
The disadvantages of this system were accepted as the 
price of the simplicity of the design. The deck has a 
lower ultimate capacity when compared with a continuous 
structure, because redistribution of moments is not 
possible. Hinges are difficult to design, install, and 
maintain satisfactorily. There are many expansion joints, 
and regardless of precautions taken in design and 
construction, these joints are always a source of 
difficulty and high maintenance cost. 
Structures with hinges at midspan are very sensitive to 
steel relaxation and concrete creep [27]. Because of the 
hinges at midpoints of the spans, there is no restraint on 
the vertical and angular displacements of the cantilevers 
caused by the effect of creep, steel relaxation, and 
prestress losses. This leads to a progressive lowering of 
the center of each span [27]. With time, there is a 
significant increase in the angle at midspan of the deck, 
causing a rough ride. 
To avoid this problem, continuous decks are used. The 
continuity of the deck is achieved by extending the post-
tensioning strands across the connection between adjacent 
cantilevers. Full continuity of the deck is desirable but 
not possible in long bridges. In this case intermediate 
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joints are needed to reduce the loads on the piers caused 
by creep of concrete or thermal expansion of the deck. The 
theoretical optimum location of the joints is within the 
region bounded by the points of contraflexture for live 
load and dead load, i.e., a distance equal to 20%-28% of 
the span length from the adjacent pier. From the 
construction standpoint, as the joint is moved toward the 
pier the unbalanced moment increases and, subsequently, the 
erection process becomes more difficult. This can be 
eliminated by locking the joint during construction and 
releasing it after the span is completed and continuity at 
midspan is achieved. Locating the joints at a distance 30% 
of the span length from the adjacent pier resulted in no 
substantial difference between the fully continuous deck 
and the actual structure under the effect of dead loads. 
Such joint positions also result in smaller deflections and 
angle breaks under live load than is found with midspan 
joints. 
2.3.4. Joints of segmental bridges 
Joints between adjacent segments should insure proper 
transfer of forces from one segment to another. For cast-
in-place segments, joints do not need special care. 
Reinforcing steel is left projected from one segment and 
spliced to the reinforcement of the next segment. This 
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procedure is easy to apply and produces joints that have 
high quality and strength. 
In case of precast segments, several techniques have 
been developed. Reinforced concrete joints, typically 8 
in. to 24 in. wide, were widely used in bridges constructed 
around 1961 [20]. Reinforcing steel was left projecting 
from the ends of the segments; these were usually connected 
by lapping or welding. The joints were then filled with 
high-strength concrete (Fig. 2.6a). Another technique that 
uses cast-in-place or grout joints was also employed. The 
typical joint width was in the range of 1 in. to 4 in. 
(Fig. 2.6b). The end faces of the segments served as shear 
keys between the precast elements and the cast-in-place 
concrete [20]. In both of these techniques, the cast-in-
place joints must cure before the tendons can be post-
tensioned. To avoid this time-consuming process, today's 
joints are generally made with a typical thickness of 1/32 
in. [20] (see Fig. 2.6c). The joint surfaces are coated 
with polymer glue, that has an epoxy resin base that is not 
sensitive to temperature or moisture and cures relatively 
quickly [23, 28]. This technique obviously requires 
adjoining faces to match perfectly. Therefore, segments 
are fabricated in sequence by casting the new segment 
against the end face of the preceding one, after painting 
it with bond-breaking resin (match casting). Later, 
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Figure 2.6. Joints of segmental bridges 
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segments are erected in the same order as they were cast 
[23, 28]. AASHTO [1] requires a minimum compressive stress 
of 40 psi to be applied to the epoxy joint during curing of 
the epoxy resin. This is usually achieved by applying a 
portion of the post-tensioning forces. 
The epoxy resins are thermosetting materials with high-
strength characteristics. They adhere easily to the 
concrete, as long as the faces of the adjacent segments are 
clean and dry. At a temperature of 65°F, they cure in less 
than 24 hours. Shear keys spaced along the face of the 
webs are used to transfer shearing forces between adjacent 
segments, without relying on the shear strength of epoxy 
glues. Testing a model segmental bridge showed that epoxy 
joints have no influence on the structural behavior. The 
behavior of the segmental structure up to ultimate load was 
exactly the same as that of a monolithic structure [27, 
28] . 
2.3.5. Post-tensioning of segmental bridges 
All sections in segmental bridges are post-tensioned 
together using cables or tendons. Usually there are two 
groups of cables depending on their functions. The first 
group is located near the top of the section. The primary 
purpose of this group of tendons is to hold the segments 
together during construction. The size of the tendons in 
this group increases if the balanced cantilever method is 
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used. Generally this group of tendons does not contribute 
to the strength of the bridge after construction is 
completed. These tendons usually run through hollow 
conduits placed inside the concrete near the connection of 
the webs and the top slab of the box girder. The other 
group of tendons, referred to as continuity tendons, are 
used to ensure the continuity between the various segments 
and different spans of the entire bridge [20, 23]. 
Traditionally these tendons run through hollow conduits 
placed mainly in the webs. Special care must be taken to 
line up the prestressing conduits at joint locations, 
especially if the tendons were draped. A slight offset can 
make placing the tendons difficult or even impossible. 
More recently, the continuity tendons have been positioned 
outside the concrete, i.e., external post-tensioning [5, 
32]. The external tendons are only connected to the 
concrete section at their anchors and at the deviation 
points of harped tendons. Because the prestressing 
conduits are required only at these points, the 
prestressing force losses caused by friction are 
substantially less than in the case of internal tendons. 
The elimination of the conduits makes it easier to cast the 
concrete box, and thinner sections can be used. 
To transfer the forces from external tendons to the 
concrete girders at the anchorage point and at the 
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deviation points of harped or curved-in-plane tendons, 
anchor blocks and deviators, respectively, are used [4]. 
These can be diaphragms, ribs, or concrete blocks cast 
monolithically at the corners of the box girders. Because 
of the large forces acting on the anchor blocks and the 
deviators, special care must be taken in their design, or 
cracking problems associated with local high shears and 
moments will arise. 
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3. STRUCTURAL MODELS 
A model can be defined as a device that is so related 
to a physical system, called the prototype, that 
observations of the model can be used to predict accurately 
the performance of the prototype [24]. Usually, models are 
smaller than the prototype so that they are less expensive, 
can be constructed in a testing facility, and need smaller 
loads to produce desired effects. The scaling factor is 
the ratio of the dimensions of the prototype to the 
corresponding dimensions of the model [18, 24]. If the 
same scaling factor is used to relate all dimensions of the 
model to those of the prototype, the model is called a true 
model. In cases where more than one scaling factor is 
used, the model is referred to as a distorted model. 
Predicting the behavior of the prototype using the 
observations obtained from a distorted model is more 
difficult than using a true model. 
3.1. Modeling of Loads 
For true models, the ratio between the loads on the 
model and those on the prototype that give the same 
stresses is related to the scaling factor, n, as listed: 
Y„ = « Yp 
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P. = py (3.1b) 
9m Qp (3.1c) 
= V" (3.1d) 
in which y, P, q, and R are the specific gravity, 
concentrated load, uniformly distributed load (force/unit 
area), and uniformly distributed line load (force/unit 
length), respectively. Subscripts m and p denote 
quantities that correspond to the model and the prototype, 
respectively. 
In most cases, it is not possible to satisfy the 
required high specific gravity of the model's material. 
Additional dead loads are usually added to compensate for 
the difference between the required and actual specific 
gravities. The distribution of these additional loads 
should be the same as the mass distribution of the model in 
order not to change the resulting stress distribution. 
The model can be constructed using a material different 
from that of the prototype. For structures loaded in their 
elastic range, any elastic material can be used, knowing 
that the ratio between the modulus of elasticity of the 
model and the prototype affects the ratio between the 
strains and consequently the deflections. However, in case 
of two- and three-dimensional structures, the value of 
Poisson's ratio affects the results and should be 
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considered when predicting the behavior of the prototype. 
For structures loaded beyond their elastic range, the model 
material and prototype material should maintain similar 
behavior in the inelastic region [7]. 
If loads were scaled down using Eqn. 3.1, the model's 
measured stresses, strains, and deflections are related to 
those of the prototype using the following relationships; 
= Op (3-2a) 
(EJEJ (3.2b) 
(3.2c) 
where a, e, A, and E are the stress, strain, deflection, 
and modulus of elasticity, respectively. 
In some cases, the model quantities are small and thus 
difficult to measure with adequate accuracy. In prototypes 
loaded in their elastic range, the model can be subjected 
to loads larger than the equivalent loads to induce 
measurable effects provided that the load will not result 
in inelastic effects in the model. The ratio between the 
applied and required loads is then considered when 
predicting the corresponding prototype quantities. On the 
other hand, loads smaller than the equivalent load can be 
used to maintain the linear bfehavior of the model if the 
elastic limit of the model material is lower than that of 
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the prototype. If the ratio between the modulus of 
elasticity of the prototype and the model is high, reduced 
loads can produce effects that can be measured accurately. 
3.2. Modeling of Concrete Structures 
3.2.1. Model concrete 
Various plastics have been used successfully to model 
concrete structures loaded in their elastic range. 
Thermoplastics are usually available in sheet form. 
However, acrylic plastics are the more popular 
thermoplastic small-model material. Acrylic plastics are 
easily machined and cemented so that accurate models can be 
constructed quickly. Sheets can be softened by heating 
and formed to singly- or doubly-curved surfaces using a 
vacuum-forming machine. Polyvinyl chloride (PVC) sheets 
are also used for model construction and can be formed 
using similar techniques. They have the advantage of being 
available in smaller and more uniform thicknesses than 
acrylics, and as a result, are particularly suited for 
shell models [7]. Thermoplastics have a Poisson's ratio of 
about 0.35. This value does not compare well with the 
0.15-0.2 ratio of concrete and means that the results 
should be interpreted with care [7]. 
Models are also built using thermosetting materials; 
casting resins are often used because very intricate models 
can be cast in prepared molds. Some skill and experience 
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are needed to obtain uniform properties. The thickness of 
the model section is limited by the need to dissipate the 
heat of polymerization. Thermosetting plastics' main 
advantage over thermoplastics is the ease in modeling 
gradual thickness variation. The modulus of elasticity can 
be increased by mixing the resin with a filler material 
[17]. By doing so, Poisson's ratio and the cost of the 
model both decrease. 
Fiberglass has also been used as a model material, 
although it is difficult to achieve homogeneous and 
isotropic properties with it [7]. In the case of curved 
surfaces, the cost of machining is very high. 
Plastics and fiberglass have a creep rate higher than 
that of concrete. Models made of these materials are 
suitable for short-term observations. If the model is 
prestressed, prestressing forces need to be adjusted 
frequently or a large portion of the prestressing forces 
will be lost. 
Gypsum plaster has also been used to model concrete 
structures. It requires a relative short setting time but 
has the disadvantage of having a stress-strain curve nearly 
linear up to failure that does not match the nonlinear 
stress-strain curve of concrete. The brittle nature of the 
material results in brittle failures of gypsum models in 
which the behavior is governed by the properties of 
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concrete. Furthermore, pure gypsum models have excessively 
high tensile strength compared to prototypes constructed of 
concrete. This has led to a preference for using gypsum-
sand mixes that can closely duplicate the compressive 
strength and the stress-strain curve of concrete. As 
previously noted, these mixes have the advantage of 
reaching the desired strength in a matter of hours, 
allowing tests to be conducted much sooner than if concrete 
models had been used. Because the loss of moisture in the 
gypsum-sand mix in the early age may result in a change in 
the strength, surface sealing with shellac is desirable to 
prevent drying and changes in strength [7]. 
For large-size models and for ultimate strength tests, 
concrete models are preferred. To meet similitude 
requirements, a model concrete, or microconcrete, requires 
reducing the size of all materials, including the size of 
cement particles, by the scale factor. This simplified 
approach, however, has not been successful because the 
scaled fine aggregate has excessive water requirements, and 
more finely ground cement is not available [7]. Because of 
the lack of success with this approach, concrete for models 
is designed as it would be for any structure, i.e., using 
Portland cement, a water cement ratio of 0.3-0.7, and a 
maximum aggregate size determined by similitude and 
reinforcement spacing and the thickness of the model. 
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Following the previously described techniques does not 
guarantee that the properties of the model concrete and 
those of the prototype concrete are identical. Concrete 
tensile strength tends to increase as the scale of the mix 
is reduced. Wetter mixes, although easier to place, 
increase shrinkage. This makes it difficult to use the 
same water-cement ratio in the model as in the prototype 
and satisfy all strength requirements at the same time. 
If the model concrete has an aggregate size appreciably 
smaller than that of the prototype concrete, it will be 
impossible to design a model concrete with creep properties 
identical to those of the prototype concrete [33]. 
Furthermore, when the model size allows the use of the same 
concrete mix as in the prototype, the prototype moisture 
conditions cannot be modeled because of the smaller 
thickness of the model [33]. 
3.2.2. Reinforcing bars 
Most deformed reinforcement has a well defined yield 
point and a relatively long yield plateau. Model 
reinforcement should have the same shape of stress-strain 
curve. This effectively limits the choice of model 
reinforcement to steel, because the other materials 
exhibiting this type of behavior, such as phosphorus 
bronzes, are relatively expensive. The model reinforcement 
must meet the following requirements. 
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1. Stress-strain curve similar to that of the 
prototype, including appropriate amount of 
ductility. 
2. Desired yield strength. 
3. Proper bond characteristics. 
Depending on the size of prototype reinforcement and 
the scale factor, standard reinforcing bars can be used for 
the model. Unfortunately, in many cases the required size 
of model reinforcement is smaller than the smallest, 
commercially-available reinforcing bars. 
Using wires for model reinforcement is very popular 
[15]. In general, wire is available in two grades—either 
a cold-drawn product that has a rounded stress-strain curve 
and a yield strength of approximately 100,000 psi, or 
annealed wire, which has a yield strength between 30,000 
and 40,000 psi. 
High-strength wire can be annealed to produce a 
relatively sharp yield point at the desired stress level. 
Annealing time and temperature depend on the strength of 
the original and wire the desired final product. Deformed 
wires manufactured for use in welded wire fabric are 
preferred, because the bond properties of the annealed 
product will be more satisfactory than plain wire [7]. 
Another method of producing a deformed wire with the 
desired yield point is to start with a soft plain wire and 
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cold work it until the yield point is raised to the desired 
value. This process can also improve the bond properties 
by producing deformations on the bar surface. 
The basic similitude requirement for bond between 
concrete and reinforcing bars, for true models, is that 
bond stresses developed in the model be identical to those 
of the prototype. It also requires that the ultimate bond 
strength of the model and of the prototype reinforcement be 
identical. 
However, modeling of bond is further complicated by the 
limited knowledge of the bond mechanism in prototype 
concrete [33]. Bond strength is mainly attributed to the 
mechanical wedging action produced by the protruding 
deformations on the bar [22]. Current formulas to predict 
bond strength were not intended to be used for small-size 
bars used in models. 
3.2.3. Cracking similitude 
The inelastic load deflection response of a reinforced 
concrete structure is strongly dependent upon the degree 
and manner of cracking. Cracking also influences the 
behavior under reversed or repeated loading, moment 
redistribution in continuous structures, and even the final 
mode of failure. Modeling of the change in behavior caused 
by cracking is just as difficult as the modeling of bond; 
the two are intimately related phenomenas [15]. 
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If the loads applied to a true model were scaled down 
according to Eqn. 3.1, complete similitude of cracking 
necessitates that both crack width and crack spacing are 
scaled down by the scale factor. This is difficult to 
achieve, because the higher tensile strength of the model 
concrete often leads to initiation of model cracking at a 
higher scaled load level than is desired, which, in turn, 
affects the load-deflection response. If the bond 
properties of the model reinforcement are inadequate, a 
reduced number of cracks with relatively wider crack widths 
will occur. Furthermore, crack spacing in the prototype is 
almost directly proportional to the effective side concrete 
cover [22]. It has not been determined if this is valid 
for models that has a very small side cover [33]. 
Crack identification and width measurements for models 
have been done using the same techniques employed for 
structures of prototype size. Usually cracking is said to 
occur when the crack is first visible to the unaided eye, 
no matter what the scale of the structure may be, with the 
result that the smaller structures must produce relatively 
wider cracks to be nominally at first cracking [7]. 
3.3. Instrumentation of Concrete Models 
The most useful data collected from concrete models 
come from strain gages mounted on the surface of the 
concrete and from deflection measurements. Few reduced-
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size models have had operable strain gages mounted on the 
reinforcement [7]. 
The choice and installation of strain gages on the 
surface of concrete models involves special considerations. 
The gage length of the strain gage must be at least three 
times the maximum aggregate size, the gages must be 
protected from moisture, and the usefulness of the strain 
gages will be terminated when cracking occurs in the 
concrete on which it is mounted [7]. This sharply reduces 
the utility of gages mounted on the tension side of 
elements subjected primarily to bending. However in 
structures such as shells where significant compressive 
membrane forces are also present and where cracking is 
delayed, gages may be positioned essentially anywhere and 
continue to function properly until failure occurs. 
Deflections can be measured using conventional dial 
gages, linear variable differential transforms (LVDTs), and 
direct current displacement transducers (DCDTs). 
Sufficiently sensitive measuring instruments are available. 
When deflections of a given model are desired, the model 
should be adequately stiff and vibration-free to achieve 
high accuracy. 
As the scale of the structure is reduced, it becomes 
more and more difficult to maintain the required 
dimensional tolerances in construction. For extremely 
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small models, measurement of the actual dimensions of the 
completed structure becomes an integral part of the data 
acquisition process, because deviations from the intended 
dimensions potentially have a significant influence on the 
structural behavior. The effective depth of the 
reinforcement is of particular interest [7]. 
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4. SHELL STRUCTURES FOR BRIDGES 
A Shell system is a structural system that does not 
require intermediate supports and can be used for short as 
well as for long spans [6, 19]. Shell structures gain 
their strength from the curvature of their surface. In 
contrast to straight structural elements, the internal 
forces in shells are mainly axial forces accompanied by 
relatively small bending moments [13, 30]. In contrast to 
the beam-and-slab system, where the slabs transfer the 
applied loads to the beams that transfer it to the 
supports, the whole shell structure is acting as one unit 
to transfer the load to the supports. This makes it 
possible to use thin shells to cover long spans. Because 
shells are thin, they are relatively lightweight; thus, 
shell structures can support larger live loads. 
Shells are divided into different categories according 
to their geometry; domes, cones, and cylindrical shells. 
Preparing forms for concrete shells can be difficult 
because of the special care needed to maintain the correct 
geometry. This problem can be eased by the use of air-
supported systems, also known as air-bag systems [3]. This 
technique uses inflatable forms that can be reused to 
produce several identical units. Inexpensive small arch 
bridges and culverts are currently constructed using this 
technique. 
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Analytical studies at Iowa State University [3, 10, and 
11] theoretically determined that integrated shell-deck 
sections (Fig. 1.1) can be used to construct economical 
bridges. Segments of these bridges can be mass produced in 
a casting yard. They can be transported to construction 
sites where they can be post-tensioned together for a 
bridge. Construction techniques similar to those used for 
segmental box-girder bridges can be used in the assembly. 
4.1. Cylindrical Shells 
4.1.1. Characteristics of cvlindrical shells 
A cylindrical shell may be defined as a curved slab 
that has been cut from a full cylinder [6]. The slab is 
bounded by two straight "longitudinal" edges parallel to 
the axis of the cylinder and by two curved "transverse" 
edges in planes perpendicular to the axis. The slab is, 
therefore, only curved in one direction. When the 
curvature is constant, the cylindrical shell is said to be 
circular. 
The structural behavior of cylindrical shells depends 
on the ratio between the radius, R, and the length, L (see 
Fig. 4.1). They are divided into short, medium and long 
shells as follows: 
R/L > 2.0 short shell 
2.0 > R/L > 0.4 medium shell 
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R/L < 0.4 long shell 
To insure efficient structural behavior, Reference 14 
suggests the following limits: 
1/8 < h/L < 1/2 simply supported shell 
h/L = 1/16 continuous shell 
L/b < 5 
60° < a < 90° 
where b and h are the width and depth of the shell, 
respectively, and a is the angle of aperture (see Fig. 
4.1). The suggested limits on the aperture angle, a, 
limits the slope of the shell, eliminating the need for 
using double forms during horizontal casting of the shell. 
Edge beams are primarily needed to carry longitudinal 
tensile stresses along the edge of the shell. In addition, 
the presence of these beams restrain the outward lateral 
displacements along the shell edge. Therefore, the shell 
edge beams should be designed to minimize the lateral 
displacements and resist the resulting forces. 
In case of prestressed shells, edge beams are not 
required. The prestressing tendons are arranged to 
coincide with stress trajectories and force concentration, 
eliminating the need for edge beams [14]. Another 
advantage of using prestressed shells is that the required 
depth of the shell is smaller than that of reinforced 
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concrete shells. This allows a smaller angle of aperture, 
resulting in lighter and easier-to-construct shells. 
4.1.2. Analysis of cylindrical shells 
Four different methods of analysis are available to 
analyze cylindrical shells. The accuracy of each solution 
depends on the assumptions considered in developing each 
method and the nature of the loading. The following 
paragraphs give a brief description of the four methods. 
Detailed information is presented in Refs. 6 and 19. 
4.1.2.1. Membrane theory The membrane theory 
assumes that only axial forces and shear forces exist in 
the shell. Bending and torsional moments are ignored. 
Basically, the solution simply equilibrates internal and 
external forces. The equilibrium equations do produce 
forces normal to the free straight edges that do not match 
the boundary conditions. This can be rectified by applying 
correction forces along the edges. These forces are equal 
in magnitude and have the same distribution as the edge 
forces obtained by equilibrium equations but acting in the 
opposite direction. In long shells this correction usually 
produces internal forces of significant magnitude 
throughout the entire surface of the shell. These internal 
forces are usually so large that other internal forces 
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become negligible [6], The effect of this correction in 
short shells is limited to the area near the edge. 
Another correction is needed along the curved edge. 
This correction affects narrow regions near the end of the 
shell and does not affect the results significantly. This 
method of analysis gives good results in case of uniform 
loads where the moments are small compared to axial forces. 
On the other hand, the solution becomes more complicated if 
other loads are considered. If edge beams are used, the 
relative stiffness of the shell and the edge beams should 
be considered in the analysis, which adds more difficulty 
to the solution. 
4.1.2.2. Complete solution This solution considers 
all internal forces, including bending and torsional 
moments. Various approaches for solving the general shell 
differential equations are presented in detail in Refs. 6 
and 19. Though the complete solution is accurate, it is 
lengthy and difficult to apply. If the interaction between 
the shell and the shell edge beams, transverse ribs, or end 
diaphragms is to be considered, it is even more difficult, 
if not impossible, to apply the complete solution. Based 
on this solution, Ref. 6 gives tables of coefficients to 
analyze single and multispan shells. These coefficients 
are used in conjunction with a superposition approach to 
determine the distribution of internal forces in circular 
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cylindrical shells under the effect of some common loading 
cases. 
4.1.2.3. Approximate methods 
Some approximate methods have been developed to reduce 
the amount of work involved in the analysis of cylindrical 
shells. The beam-arch approximation is based on the fact 
that as r/L decreases, the shell behavior in the 
longitudinal direction approaches that of a beam of curved 
cross-section while each transverse strip acts as an arch 
[6]. The determination of the interaction between adjacent 
strips can be a lengthy problem. This limits the 
usefulness of this method to the calculations of 
longitudinal stresses. Some published coefficients can be 
used to determine the values of the transverse stresses 
resulting from certain loading cases [6]. 
4.1.2.4. Numerical methods Numerical methods of 
analyzing shell structures are most suited for computer 
applications. The two common techniques of analyzing shell 
structures are the finite difference and the finite element 
techniques. 
The finite difference technique is a numerical solution 
of the governing differential equations. Instead of 
developing continuous functions to describe the 
displacements and the stresses, these values are computed 
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at discrete points or nodes. Increasing the number of 
nodes used in the analysis will lead to a more accurate 
solution but this requires more calculations and thus more 
expense. Some commercial finite difference programs are 
available and have been used in analyzing shell structures. 
Finite element analysis is the other widely used 
numerical technique. Several shell elements are available 
and well documented. Finite element analyses have several 
advantages over other methods; shell edge beams, 
diaphragms, and transverse ribs can be included in the 
solution with minimal additional work. The same model can 
be used to solve several cases of loading except that the 
mesh may have to be locally refined in the areas of 
concentrated loads. 
4.2. Shell Structures for Bridges: Literature Review 
The idea of using shell-deck segments (see Fig. 1.1) to 
construct bridges was first presented in Ref. 3. Standard 
segments of these bridges can be mass produced at a casting 
yard. Depending on the desired span length, a sufficient 
number of segments can be transported to the construction 
site where they can be post-tensioned together to form a 
permanent or temporary bypass bridge. In case of temporary 
bypass bridges, the bridge can be disassembled when it is 
no longer needed, and reconstructed at another site. 
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The results of an analytical feasibility study are 
presented in Refs. 3, 10, and 11. The finite element 
method was used in this study. Various element types were 
investigated to determine the best finite element 
idealization. Once the element type was chosen, several 
sections of the integrated shell-deck bridge were analyzed. 
As this study is the only one available on shell bridges, a 
brief description of its findings follows. 
4.2.1. Choice of finite element type 
Three different idealizations of the integrated shell-
deck were investigated [3]. In the first idealization, 
shell and plate elements were used to idealize the shell 
and the deck, respectively (see Fig. 4.2a). Because the 
elements are defined by their mid-surfaces, the deck and 
shell thicknesses were overlapping in the vicinity of the 
crown; this did not exactly represent the true structure. 
Constraint equations were used to account for the 
difference in behavior of the shell from that of the deck 
and to prevent the distorted shell in the vicinity of the 
crown from passing through the plane of the deck. As a 
result of this modeling, stress concentration resulted near 
the crown in both the shell and the deck. To avoid these 
problems, a second approach of linking the shell to the 
deck was investigated. As shown in Fig. 4.2b, the shell 
and the deck portions of the cross-sections were connected 
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using rigid links. This also resulted in stress 
concentrations around the deck-shell connection. In the 
third idealization, solid elements were used to model the 
whole structure (see Fig. 4.2c). because the shell and the 
deck share the same nodes, no concentration of stresses was 
associated with this idealization. As a result, the need 
of constraint equation or rigid links was eliminated. 
4.2.2. Analysis of shell bridges 
Initially, several cross-sections with circular shells 
were investigated. The results indicated that widening the 
connection between the shell and the deck (see Fig. 4.3b) 
slightly increased the weight of the section but led to a 
significant reduction in the transverse stresses. 
Connecting the edges of the shell and the deck with thin 
webs, inclined posts, or vertical posts also improved the 
behavior. The section with thin webs (see Fig. 4.3c) had 
the smallest deflections, but the weight of the section was 
so heavy that it was considered uneconomical. The use of 
inclined posts significantly increased the stiffness 
without a significant increase in weight (see Fig. 4.3d). 
Using 16 inclined posts at each side of the bridge was more 
effective than using 8 inclined posts. The use of vertical 
posts did not improve the structural behavior of the shell-
deck system as did the use of inclined posts. 
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CONNECTION POINT 
(a) MODELING WITH PLATE AND SHELL ELEMENTS 
RIGID LINKS 
(b) ALTERNATIVE MODELING USING PLATE AND SHELL ELEMENTS 
(c) MODELING WITH ISOPARAMETRIC ELEMENTS 
Figure 4.2. Different finite element idealizations of 
shell bridges 
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Figure 4.3. Different cross-sections of shell bridges 
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Replacing the circular shell with a folded plate 
decreased the longitudinal and transverse stresses but 
increased the weight of the section [11]. When a parabolic 
shell was used, the section was heavier and the stresses 
were higher than those associated with the circular shell 
[11]. This led to the conclusion that a circular shell 
system is the most suitable for use in a shell bridge. 
To further improve the structural behavior, a circular 
shell section with wide shell-deck connection and inclined 
posts was analyzed. In order to keep the dead load as low 
as possible, voids were introduced to remove the 
structurally insignificant materials at the shell-deck 
connection area (see Fig. 4.3e). These modifications led 
to a slight improvement in the structural behavior. 
Post-tensioning the shell bridge in the longitudinal 
direction was also investigated [3]. Two groups of tendons 
were considered; the main group concentrated at the centers 
of the shell edge beams, and the secondary group 
distributed at the level of the deck. The magnitude of the 
post-tensioning forces was calculated to keep the stresses 
at midspan within the allowable limits for prestressed 
concrete bridges. Decreasing the force in each individual 
tendon of the secondary group by using a larger number of 
tendons decreased the maximum longitudinal stress in the 
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deck near the supports but did not affect the stresses near 
midspan. 
The pertinent information found in available literature 
can be summarized as follows: 
1. Circular cylindrical shells are more efficient than 
folded plate or parabolic shells. 
2. Widening the shell-deck connection was very 
efficient in decreasing the transverse stresses. 
Voids can be added to decrease the weight of the 
wider connection. 
3. Connecting the deck to the shell edge beams 
improved the structural behavior of the integrated 
shell bridge. However, using inclined posts for 
this connection was more efficient than using thin 
webs or vertical posts. 
61 
5. MODEL DESIGN AND CONSTRUCTION 
A lOO-ft.-long, 30-ft.-wide, simple span prototype was 
selected as the subject of this study. Because AASHTO 
requires 12-ft.-wide traffic lanes, this prototype width is 
enough to accommodate two traffic lanes in addition to the 
necessary space needed for the guard rail system. The span 
length of 100 ft. is longer than the simple span lengths 
common in practice. This span length was chosen to 
illustrate the potential of this system to cover longer 
spans. The prototype was assumed to have a 6 in. thick 
deck, which is equal to the minimum thickness required to 
prevent punching shear of the top slabs of box girders 
[26]. No wearing surface was considered in this study. 
The shell was first assumed to have the minimum thickness 
commonly used for shell roofs, i.e., 3 in. 
Two conflicting considerations were investigated when 
the scale of the model was determined. The first was the 
available space in the Structures Laboratory at Iowa State 
University; the second was the minimum thickness of 
concrete that could be cast using the available equipment. 
Available space in the laboratory permitted construction of 
a 1:3 scale model. This scale factor gave a 1 in. thick 
model shell, which was too small to accommodate the 
reinforcement and provide reasonable concrete cover. A 
shell thickness of 1-1/2 in. was decided to be more 
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adequate. The Increase in shell thickness did not 
significantly increase the stiffness of the model, because 
the additional thickness lies close to the center of 
gravity of the cross-section, and its effect on stiffness 
is not significant. The use of a 3-in.-thick prototype 
shell, i.e., a 1-in.-thick model shell, is feasible from 
the stiffness point of view. However, the ability of such 
a thin section to resist impact loads needs to be 
investigated. 
5.1 Model Geometry and Materials 
5.1.1. Model dimensions 
The model has a 2-in.-thick deck and 1-1/2-in.-thick 
shell as shown in Fig. 5.1. To reduce the volume of the 
connection between the shell and the deck without the need 
to add voids, the top surface of the deck was taken as a 
tangent to the bottom surface of the shell leaving the mid-
part of the deck as a flat-bottom plate (see Fig. 5.1). 
The circular cylindrical shell radius is 93.33 in. This 
radius gives an aperture angle of approximately 80°, the 
maximum angle that permits use of single forms if the shell 
was cast in the horizontal position. Curbs, 5 in. x 5 in., 
were provided at each side of the model. The curb 
dimensions are larger than those that would be found in the 
prototype; however, these dimensions were chosen to 
13.3' 22.5' 38.4' 13.3' 22.5' 
GUSSET PLATE 
t TRUSS ELEMENT 1.5' 
R=93.33' 
GUSSET PLATE 
Figure 5.1. Dimensions of the 1:3 scale model 
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accommodate internal post-tensioning if desired. The model 
was provided with 6-in.-wide and 8-in.-deep shell edge 
beams along the edges of the cylindrical shell. The cross-
sectional area of the bridge model is 533 in.^; the moment 
of inertia about its horizontal neutral axis, which is 
located 7.15 in. from the top of the deck, is 47,177 in.4. 
The model consisted of six segments; the two end 
segments were provided with 4-in.-thick end diaphragms. To 
permit the use of the same forms for both intermediate and 
end segments, the length of each end segment was 70.66 in., 
4 in. longer than the intermediate segments. The total 
length of the model was 34 ft.; total width is 10 ft. 
For ease of construction, steel truss elements, rather 
than concrete elements, were used to connect the deck to 
the shell edge beams. The first two diagonals from each 
end of the bridge were 3 x 2 x 3/16 in. structural steel 
tubes. Their symmetrical cross-section simplified the 
instrumentation needed to measure the force in the member. 
Other truss elements were made of 3 x 3 x 1/4 in. 
structural steel angles. Four different truss element 
configurations were tested. The model was also tested with 
no connection between the deck and the shell. The model 
with the different connection between the curbs and the 
shell edge beams will be denoted throughout the following 
sections as follows: 
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Configuration 2; 
Configuration 3: 
Configuration 4; 
Configuration 5: 
Configuration 1: Bridge with 12 diagonals on each side 
of the bridge and verticals at joints 
and midpoint of each segments; see Fig. 
5.2a. 
Bridge with 12 diagonals on each side 
of the bridge; see Fig. 5.2b. 
Bridge with verticals at joints and 
midpoint of each segment ; see Fig. 
5.2c. 
Bridge with verticals at joints only; 
see Fig. 5.2d. 
Bridge with no connection between the 
deck and the shell. 
The truss elements were bolted to steel gusset plates 
that were connected to the model at the outer surface of 
the curb and the shell edge beams. Thread bars passing 
through voids formed in the curbs and the shell edge beams 
during casting were used to connect the gusset plates to 
the concrete sections. Additional steel plates were added 
on the inner surface of the curb and the shell edge beams 
to be used as washers for the thread bars. A sand-cement 
mix was used as a grout between the steel plates and the 
concrete surface to insure full contact between the two 
surfaces. Shown in Fig. 5.3 are the dimensions and 
distribution of gusset plates along one side of the bridge 
66 
SYMMETRY 
CURB END DIAPHRAGM 
EDGE BEAM VERTICAL DIAGONAL 
(a) CONFIGURATION 1 
(b) CONFIGURATION 2 
(c) CONFIGURATION 3 
(d) CONFIGURATION 4 
: i 
(e) CONFIGURATION 5 
Figure 5.2. Configurations of the truss elements 
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12x6x3/8' 17x12x3/8' 22x12x3/8" 
23x12x3/8' 
Figure 5.3. Distribution of the gusset plates 
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model. A photograph of two segments before the model was 
assembled and a photo of the fully assembled model are 
presented in Figs. 5.4a and b, respectively. 
5.1.2. Shear transfer between adjacent segments 
In segmental construction, shear keys are usually 
employed to transfer shear forces between adjacent 
segments. In the model shell bridge, the small dimensions 
precluded the use of shear keys. Instead, the steel gusset 
plates at joint locations on both the curbs and the shell 
edge beams (see Fig. 5.3) transferred shear forces across 
the joints. Epoxy resin, used to fill voids between the 
various segments because they were not match cast, also 
contributes to shear transfer. In addition, 11 shear 
connectors were placed across the deck at the joint 
locations. Each shear connector (Fig. 5.5a) consists of a 
2 X 2 X 3/16 in. steel angle welded to a 2 x 3/16 in. steel 
plate to form a channel. Two 3/8-in.-diameter steel bars 
were welded to each connector and were extended 12 in. into 
the concrete. The length of each shear connector along the 
joint interface was 4-1/2 in (see Fig. 5.5b). The shear 
connectors in the mating segments were connected using a 2 
X 2 X 1/4 in. steel plate (see Fig. 5.5a) welded in place. 
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(a) TWO SEGMENTS IN VERTICAL POSITION 
BEFORE THE MODEL ASSEMBLY 
(b) THE FULLY ASSEMBELED 1:3 SCALE MODEL 
Figure 5.4. Photographs of the segments and the 1:3 scale 
model 
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1/4-THICK PLATE 
ANGLE 2X2X1/4' TOP OF BRIDGE DECK 
WELD 
2 #3 BARS, 12" LONG 
1/4" THICK PLATE 
(a) DETAILS OF SHEAR CONNECTORS 
4.5' 4.5' 4.5' 4.5' 13.25' 4.5' 4.5' 4.5' 4.5' 13.25' ,4.5' 4.5' 
SHEAR CONNECTORS 
(b) LOCATIONS OF SHEAR CONNECTORS 
Figure 5.5. Shear connectors 
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5.1.3. Post-tensionina 
5.1.3.1. Choice of post-tensionina technique 
Originally, it was planned to post-tension the model 
internally. The first two segments cast were provided with 
sheathing for post-tensioning tendons. During casting of 
the second segment, the wire ties holding the sheathing in 
position failed resulting in a misalignment. Two possible 
solutions were discussed. One potential solution was to 
continue using internal post-tensioning. This solution 
would not eliminate the possibility of another misalignment 
problem and would require casting an additional segment to 
replace the one with the misalignment. The other potential 
solution was to change to external post-tensioning. This 
later potential solution has the following advantages: 
1. It would facilitate the assembly of the model, 
because it is not significantly affected by 
slight mismatches between adjacent segments. 
2. External post-tensioning does not require 
conduits, thus, the segment with the misalignment 
problem could still be used. 
3. Fabrication of segments without internal conduits 
is easier. 
4. Use of external post-tensioning follows the 
industry trend of increasing popularity of 
external post-tensioning. 
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For these various reasons, external post-tensioning 
was used. 
5.1.3.2. Post-tensioning tendons and brackets The 
model was longitudinally post-tensioned using 10 grade 150 
Dywidag tendons. Post-tensioning along each shell edge 
beam was accomplished using two 1-in.-diameter tendons 
extending along the entire length of the bridge. Six 5/8-
in.-diameter tendons were placed along the deck. Four of 
these tendons were extended along the full length of the 
bridge while the other two tendons were extended along the 
mid two-thirds of the span. The locations and 
identification numbers of the Dywidag tendons are shown in 
Fig. 5.6. This figure also shows the assembly setup that 
was used during the assembly of the model. 
Steel brackets were used to transfer the forces from 
the Dywidag tendons to the concrete section. The location 
and geometry of the brackets are shown in Fig. 5.7. 
5.1.4. Model concrete and reinforcement 
5.1.4.1. Model concrete The use of cement mortar 
was ruled out because of its high tensile strength relative 
to that of the prototype concrete. Instead, a concrete mix 
with maximum aggregate size of 3/8 in. was used in 
constructing the model. Superplasticizers and retarders 
were added to the mix to improve concrete workability and 
SYMMETRY 27.5: 2.5: 
IHTTl 
WJTJU ROLLER ÙnrJÈl 
STEEL BEAM 
(TEMPORARY SUPPORT 
DURING CONSTRUCTION) 
TEMPORARY 
BEAM SUPPORT 3.75" 
vj 
W 
O DYWIDAG TENDONS EXTEND ALONG THE ENTIRE LENGTH OF THE BRIDGE 
• DYWIDAG TENDONS EXTEND ALONG THE MID TWO-THIRDS OF THE BRIDGE 
Figure 5.6. Assembly setup and locations of post-
tensioning tendons 
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JOINT LINE 
BRACKET B 
CURB 
BRACKETA 
EDGE BEAM 
BRACKET D 
BRACKET C 
END DIAPHRAQI 
(a) LOCATIONS OF POST-TENSIONING BRACKETS 
Figure 5.7. Post-tensioning brackets 
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CURB 
2 PLATES 
7 X 1 2 X 1 / 2 -
2 PLATES-
4 X 1 0 X 3 / 4 '  
PLATE — 
2 X 5 X 1 *  
TOP OF DECK 
5/8* DIAMETER 
DYWIDAQ TENDON GUSSET PLATE 
1 7 X 1 2 X 3 / 8 *  
END DIAPHRAGM 
(b) BRACKET A 
2 PLATES -
5 X 1 0 X 1 / 2 *  
JOINT LINE 
PLATE 
5 X 6 X 3 / 4 -
PLATE 
6X11 X 1/2' 
5/8" DIAMETER —• 
DYWIDAQ TENDON 
PLATE 
3 X 3 X 3 / 4  
(c) BRACKET B 
Figure 5.7. (Continued) 
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END DIAPHRAGM EDGE BEAM 
STIFFENER 
5 X 2 X 3 / 4 -
1" DIAMETER 
DYWIDAG BAR 
CHANNEL 6X15.3 
PLATE 6*XrX1/4" 
PUTE 5X5XX1 1/4' 
PLATE 6*X6*X1/2" 
(d) BRACKET C 
RUBBER PAD 
2 X 4 X 1 / 2 "  
PLATE 2X4X3/4' TOP OF DECK 
S 
5/8" DIAMETER 
DYWIDAG BAR 
PLATE 5X2X1 
PLATES 4X8X3/4' 
(e) BRACKET D 
Figure 5.7. (Continued) 
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to allow enough time for casting, respectively. The 
concrete mix had a 6 in. slump and an average 28-day 
compressive strength of 6500 psi. 
5.1.4.2. Model reinforcement To avoid the problems 
associated with the modeling of the reinforcement (see 
Section 3.2.2), regular reinforcement bars were used where 
possible. In the transverse direction, both the shell and 
the deck were reinforced using 3/8-in.-diameter, Grade 60 
reinforcement placed at 4.5 in. intervals. The deck was 
longitudinally reinforced using 3/8-in.- diameter bars 
placed at 4.5 in. intervals. Each shell edge beam was 
longitudinally reinforced using five, 3/8-in.-diameter 
reinforcing bars while each curb contained four bars—two 
3/8-in.-diameter bars at the top and two 1/2-in.-diameter 
bars at the bottom (see Fig. 5.8). All longitudinal 
reinforcement of the deck, curbs, and shell edge beams were 
made of Grade 40 steel. A higher grade was not required, 
because the post-tensioning forces were calculated to keep 
the section under compression, which means low stress in 
the reinforcement. Because of the small thickness of the 
shell, 1/4-in.-diameter, cold-drawn, smooth steel wires 
spaced at 4 in. intervals were used as longitudinal 
reinforcement. Because the longitudinal stresses in the 
shell are usually compression and within the allowable 
stress of concrete, the bond stress between the shell 
#3 
#3@4.5' 
SYMMETRY 
#4 
1/4" bars 
@3.5-
1/4" BARS 
@4" 
#3 
#3 
Figure 5.8. Reinforcement of the 1:3 scale model 
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concrete and the longitudinal bars was small; thus, the 
difference in bond properties of the smooth bars and 
deformed bars should be insignificant. Stirrups made of 
3/8-in.-diameter, Grade 40 reinforcing bars were placed at 
4.5 in. intervals in both of the shell edge beams and the 
curbs (see Fig. 5.8). 
The deck of the prototype would usually have two layers 
of reinforcement (i.e., top reinforcement and bottom 
reinforcement). The amount and distribution of the 
reinforcement in each layer is a function of the magnitude 
and distribution of the moments. The thickness of the 
model could only accommodate one layer of reinforcing steel 
placed at mid-depth. For the shell, in which membrane 
forces dominate, the use of one layer of reinforcement 
matches common practice. 
5.2. Model Construction 
5.2.1. Formwork 
A reusable wooden form was used to construct the shell 
bridge model. The form, shown in Fig. 5.9, consists of 12 
parts that can be bolted together. For each segment, three 
cages of reinforcement were prepared; one for the deck plus 
the curbs and one for each side of the shell with the 
adjacent shell edge beam. The reinforcement cages were 
placed in the wooden form as the assembly of the forms 
progressed. To avoid deformations of the forms caused by 
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the internal pressure of fresh concrete during and 
immediately after casting, steel channels were placed at 
three levels along the longer sides of the form. Threaded 
rods were used to connect the channels on opposite sides of 
the form (see Fig. 5.9). 
5.2.2. Casting of the segments 
The segments were cast in the vertical position. 
Because of the small dimensions of the cross-section, it 
was only possible to use internal vibration in the shell 
edge beams and the curbs. During casting of the first 
segment, one 1-1/2 in. vibrator was used on the top of the 
form. Touching the reinforcement with the vibrator allowed 
the concrete that was placed (one bucketful at a time) to 
be consolidated in the preoiled forms. In addition to this 
vibration, an external form vibrator was also used. This 
scheme was not very successful. Air bubbles were trapped 
inside the forms during casting, causing relatively large 
voids, especially in the shell area. Furthermore, the 
power of the external vibrator was not sufficient, because 
the forms were very stiff and because the desired 
vibrations were damped by the full contact between the 
bottom surface of the forms and the floor. 
To improve the casting procedure, eight openings, or 
"doors," were cut at mid-height of the forms for 
observation of the concrete being placed and to give an 
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CHANNEL 6X15.3 
21 
CHANNEL 6X15.3 1 1/4" TREADED BAR 
(a) PLAN 
CHANNEL 
6x15.3 1 1/4" THREADED BAR 
(b) SECTION A-A 
Figure 5.9. Wooden forms 
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opening through which the reinforcement could be touched 
with an additional vibrator. These "doors" were difficult 
to close when the concrete reached their level and were 
only used during casting of the second segment. 
Other successful improvements were employed. A mesh of 
1/8-in.-diameter holes at approximately 5 in. intervals 
were drilled through the forms. These holes allowed 
trapped air to escape and prevented the formation of large 
voids. After casting each segment, the holes became 
blocked and had to be redrilled before casting subsequent 
segments. In addition, the forms were also provided with 
numerous external wooded brackets that had 2 in. x 2 in. 
holes for restraining a 2 in. square vibrator used for 
external vibration. The vibrator was moved from one 
bracket to another as casting progressed. 
Forms were stripped five days after casting of the 
segments; the segments were left in the vertical position. 
Two parts of the forms. Parts 6 and 11 in Fig. 5.9, were 
extremely difficult to remove because they were bonded by 
concrete on three sides. The small dimensions of the model 
did not allow the construction of a collapsible form that 
would make "stripping" these parts of the form much easier. 
Collapsible forms will be very desirable for casting the 
prototype. After "stripping" a segment, the forms were 
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cleaned and oiled and ready for assembling the subsequent 
segment. 
5.2.3. Model assembly 
Two steel beams were used in the assembly of the model. 
The segments were rotated to the horizontal position and 
placed on the steel beams as shown in Fig. 5.6. Steel 
rollers were placed between the segments and the steel 
beams to facilitate moving and adjusting the segments 
relative to each other. 
As mentioned in Section 2.3.4, epoxy j oints are used in 
the construction of box-girder segmental bridges when match 
casting is employed. In this case, the segments are post-
tensioned together immediately after applying a thick epoxy 
compound to the joint surface. This procedure could not be 
used because of the sensitivity of the epoxy resin to high 
temperature. Welding shear connectors along the joint 
would damage the epoxy. Instead, the interface surfaces of 
the joints were cleaned and the adjacent segments were 
brought to contact using manual jacks. The shear 
connectors were welded (see Fig. 5.5) and the bottom 
surfaces of the joints were sealed with a silicon-rubber 
compound. The joints were then filled by a low-viscosity 
epoxy compound that could penetrate through the joint. 
Gusset plates, post-tensioning brackets, and Dywidag 
tendons were then connected to the model in preparation for 
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post-tensioning. The post-tensioning procedure is 
summarized in Section 6. 
5.3. Modeling of Dead and Live Loads 
According to the theory of similitude, the density of 
the 1:3 scale model material should be three times that of 
the prototype material. Because the model material is the 
same as that of the prototype, 41,330 lb. of additional 
dead load were needed to account for the required 
difference. For accurate results, the distribution of the 
additional load should follow the mass distribution of the 
structures. Positioning the additional load over the 
curved surface would be difficult to achieve. In addition, 
placing the dead loads on the deck would make it more 
difficult to place the live load on the deck during testing 
and would require the additional work of clearing the deck 
in the vicinity of the load points. 
Another solution was adopted to avoid this problem. No 
additional loads were applied to the model, and the post-
tensioning forces were computed using the actual model 
weight. Because the model was tested within its elastic 
limit, using this approach does not change the behavior of 
the model under the effect of live loads. 
In modeling truck loading, wheel loads of the AASHTO 
HS20-44 truck were simulated by concentrated loads acting 
at various wheel locations. The magnitude of the wheel 
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loads was scaled down by a factor of nine as required by 
the theory of similitude for the 1:3 scale model. This 
resulted in front wheel load of 444 lb. and other wheel 
loads of 1778 lb. 
5.4. Calculations of Post-Tensioning Forces 
The conventional method of analyzing prestressed 
flexural elements [21, 25] was used to determine a 
preliminary value of the required post-tensioning forces. 
This method is for analysis of beams and does not consider 
the behavior of the elements in the transverse direction. 
The AASHTO [2] allowable stresses and the HS20-44 truck 
were used in the analysis. No tension stresses were 
allowed at any joint location. The maximum bending moment 
at the location of each joint was calculated under the 
effect of two AASHTO HS20-44 trucks side-by-side moving in 
the same direction. A total loss of 20% of the initial 
post-tensioning force was assumed in the analysis. This 
loss includes creep, shrinkage of concrete, steel 
relaxation, and the losses caused by the sequential order 
of applying the post-tensioning forces. To determine the 
value of the post-tensioning forces required in the deck 
and in the shell edge beams of the bridge, the following 
four equations were applied at each joint location. 
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where : 
R 
B 
C. 
r 
f. 
Concrete compressive strength 
Concrete initial compressive strength 
Post-tensioning force in the shell edge beams 
after all losses 
Post-tensioning force in the deck after all 
losses 
Ratio of post-tensioning forces after and before 
losses 
Dead load moment 
Total moment (dead load plus live load moment) 
Cross-sectional area of the section 
Distance from the center of gravity to the top of 
the curb 
Distance from the center of gravity to bottom of 
shell edge beams 
Distance from the center of gravity to the center 
of the deck post-tensioning tendons 
Distance from the center of gravity to the center 
of shell edge beam post-tensioning tendons 
Radius of gyration of the cross-section 
Stress at top of curb 
Stress at bottom of shell edge beam 
Equations 5.1 and 5.2 represent the stresses under dead 
loads and initial post-tensioning forces where the AASHTO 
[2] allowable stresses at the top of curbs and the bottom 
of shell edge beams are equal to 0 and 0.55 f'^j, 
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respectively. Equations 5.3 and 5.4 represent the stresses 
caused by dead loads, final post-tensioning force, and live 
loads. In this case, the values of the extreme stresses 
that are at the bottom of shell edge beams at the top of 
the curbs are 0 and 0.4 respectively. 
Each equation gives a linear relationship between 
and Fg. For any section, the four lines representing Eqns. 
5.1 through 5.4 encircle a feasible area that contains all 
possible combinations of F, and Fg that satisfy the stress 
conditions. The results of the analysis indicated that the 
required initial post-tensioning forces along the deck in 
each tendon that runs over the entire and the middle two-
thirds of the span were 10 and 8 kips, respectively. The 
required initial post-tensioning force in each tendon that 
runs along the shell edge beams was 42.5 kips. 
5.5. Finite Element Analysis of Bridge Model 
5.5.1. Finite element model 
Solid elements with eight nodes and three degrees of 
freedom per node (stiff 45 in ANSYS [8] element library) 
were used to idealize the model shell bridge. The use of 
solid elements yielded satisfactory results when employed 
in the analyses of integrated shell-deck bridges [3] (see 
Section 4.2.1). Dywidag tendons and vertical and diagonal 
truss elements connecting the shell edge beams to the curbs 
were idealized using three-dimensional truss element (stiff 
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8 in ANSYS). Three-dimensional beam elements (stiff 4 in 
ANSYS) were used to model the post-tensioning brackets that 
transfer the post-tensioning forces from the Dywidag 
tendons to the concrete. 
Because of the symmetry of the bridge about the 
vertical planes at its midspan and midwidth, the finite 
element model contained only one quarter of the bridge 
structure. The appropriate symmetry and asymmetry boundary 
conditions were applied at the nodes on symmetry planes 
(see Fig. 5.10). For a general case of loading, four 
computer runs with different combinations of boundary 
conditions were needed. To get the stresses and strains in 
any quarter of the bridge, the results of these four runs 
were summed using the appropriate signs. For loads 
symmetric with respect to one of the symmetry planes, only 
two runs were needed. 
The post-tensioning forces in the Dywidag tendons were 
modeled as a prestrain in the truss elements representing 
these tendons. When the prestrain option of ANSYS [8] is 
applied, the final strain was found to be different from 
the prestrain because of the deformations of other elements 
of the structure. Two steps were required to determine the 
correct value of prestrain to be used in the analysis. In 
the first step, the prestrain in each Dywidag tendons was 
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calculated as P/EA where P is the desired post-tensioning 
force, E is Young's modulus, and A is the cross-sectional 
area of the tendon. The bridge model was analyzed under 
the effect of dead load and these values of prestrain. The 
final forces in the tendons were different from the 
required post-tensioning forces. The prestrain was then 
modified to account for the difference and the model was 
re-analyzed. Two modification cycles were enough to obtain 
the desired value of post-tensioning force in each tendon. 
In the cross-section, both the shell and the deck were 
modeled using one layer of elements through the thickness. 
Twelve elements were used to model the shell while 19 
elements were used to model the deck. The end diaphragm 
was modeled using 113 elements (see Fig. 5.10). Four 
finite element models were investigated. The four models 
used the same mesh in the cross-section and the end 
diaphragm but used different numbers of elements along the 
length of the bridge. The method of modeling the gusset 
plates was also different. 
In Model 1, the length of the elements increased 
gradually in the region between the end diaphragm and 
midpoint of first segment (see Fig. 5.10a). This was done 
because the length of the first element had to be equal to 
the thickness of the end diaphragm (4 in.). Along the rest 
of the model length, the element length was taken equal to 
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half the segment length (33-1/3 in). The aspect ratio of 
this mesh was very severe but this approach gave good 
results [3]. The effect of the gusset plates was not 
considered in this model. The analysis of Model 1 under 
the effect of its own weight and the post-tensioning forces 
give midspan longitudinal stresses at the bottom of the 
shell edge beams and the top of the curbs within 2% of what 
was calculated using conventional elastic beam theory. 
Model 2 was similar to the Model 1 except that the 
effect of gusset plates was added to the model. This was 
done by increasing the modulus of elasticity in the 
longitudinal direction for the elements representing the 
curbs and the shell edge beams (see Fig. 5.10b). The area 
of the steel plates was converted into equivalent concrete 
area and then was averaged along the entire length. This 
resulted in a correction factor of the modulus of 
elasticity of 1.6 and 1.45 for the curbs and the shell edge 
beams, respectively. The results in the longitudinal 
direction were significantly different from those of the 
first model. Because the gusset plates are not continuous 
along the entire length of the bridge model, an 
idealization that would limit the effect of gusset plates 
to the locations where they really exist was required to 
get better results. To achieve this goal, the finite 
element mesh of Model 3 was changed to have nodes that 
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matched the ends of the gusset plates. This modification 
resulted in a model that has six elements along the length 
of each segment except for the end segments, where eight 
elements were needed to ensure smooth transition from the 
end element to other elements next to it (see Fig. 5.10c). 
The modulus of elasticity of the elements that represent 
the curbs and the shell edge beams only at the gusset 
plates locations was increased to account for the 
additional stiffness of these regions. To achieve better 
modeling, beam elements were used to idealize the gusset 
plates in Model 4 (see Fig.S.lOd). The stiffness of the 
beam elements were taken equal to that of the plates, 
making this model closer to the actual structure. The 
difference between the results of Model 3 and Model 4 was 
not significant, and Model 4 was used throughout the rest 
of the analysis. 
5.5.2. Buckling strength of the model 
The compressive stresses in the shell edge beams and 
the shells are relatively high under the effect of dead 
load and post-tensioning; therefore, the possibility of 
local buckling of the shell and/or the shell edge beams 
under this case of loading was investigated. The first 
finite element model. Model 1, as described in Section 
5.5.1, was used in this investigation. No connection 
between the shell edge beams and the curbs was included in 
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the model, because this represents the critical case for 
buckling. Since the maximum compressive stresses occur 
when the total initial post-tensioning forces are applied, 
the effect of the sequence of applying the post-tensioning 
forces on the buckling strength of the model was not 
investigated. For buckling analysis, ANSYS [8] does not 
permit the modeling of the post-tensioning forces as 
prestrain. The post-tensioning tendons were removed from 
the model, and the total initial post-tensioning forces 
were applied as concentrated loads acting at tendon 
locations. The master degrees of freedom considered in the 
analysis were the vertical displacements at bottom nodes of 
the shell edge beams and the shell nodes in the vicinity of 
the edge beams. ANSYS determines the buckling strength by 
solving for the eigen values and eigen vectors 
corresponding to the master degrees of freedom. The 
analyses determined that the value of the post-tensioning 
forces that will initiate a buckling failure is 12 times 
the actual force. Because the concrete section would fail 
long before reaching this load level, and considering the 
fact that the actual buckling strength would be much higher 
because the effect of the gusset plates was not included in 
the analyses, it was not possible to initiate a premature 
buckling failure during post-tensioning. 
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5.5.3. Loading of the finite element model 
The finite element model was analyzed under the effect 
of several cases of loading to check the ability of the 
concrete sections to carry the design loads. First, the 
model was analyzed under the effect of dead loads and 
initial post-tensioning forces. The post-tensioning forces 
were then reduced by 20% to account for the expected 
losses, and the model was analyzed under the combined 
effect of dead load, final prestressing forces, and several 
cases of live loads. The following cases of the AASHTO 
HS20-44 truck loading were considered in the analysis: 
Case 1. Two trucks positioned at midspan close to 
the curbs. 
Case 2. Two trucks positioned at midspan close to 
the bridge centerline. 
Case 3. Two trucks positioned near the supports 
close to the curbs. 
Case 4. Two trucks positioned near the supports 
close to the bridge centerline. 
These cases of loading were applied to the model bridge 
with diagonal truss elements (Configuration 2 in Fig. 5.2) 
and with no connection between the shell and the deck 
(Configuration 5 in Fig. 5.2). In all cases the two trucks 
were moving in the same direction. 
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Wheel loads were modeled as concentrated loads. 
Conventional structural analysis determined that 
positioning the truck such that the middle axle coincides 
with the model midspan produced a bending moment 0.25% less 
than the absolute maximum bending moment that would be 
produced if the truck was shifted 9.3 in., i.e., half the 
distance between the truck middle axle and the resultant of 
the truck loading. The alignment of the finite element 
mesh made it more convenient to apply the middle axle of 
the trucks at the center of the bridge model when analyzing 
loading Cases 1 and 2. This made an insignificant 
difference in the moment, therefore, the results should not 
be affected significantly. 
For load in Cases 3 and 4, the rear axles of the trucks 
were positioned at the midpoint of the first segments. 
This position produced maximum shear stresses in the shell 
near the support. 
No tensile stresses in the longitudinal direction at 
joint locations were obtained under truck loading. In the 
transverse direction, the stresses on the top and bottom of 
any section were transformed into axial force and a moment. 
The reinforcement of the model (see Section 5.1.4.2) was 
designed to resist the maximum internal forces obtained 
under these cases of truck loading. 
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5.6. Instrumentation 
The instrumentation for all tests consisted of 
electrical resistance strain gages (referred to as strain 
gages) and direct current displacement transducers (DCDTs). 
Sixty-mm-long nickel-copper strain gages were mounted 
on the concrete surface of the deck, shell, and end 
diaphragm. This length is about six times the maximum 
aggregate size and twice the minimum length required [7]. 
The total number of strain gages mounted on the concrete 
surface was 110 gages distributed to read the longitudinal 
and transverse strains in the deck and the shell and shear 
stresses in the shell and end diaphragm. The strain gages 
were concentrated on one-quarter of the bridge model (see 
Fig. 5.11). Two strain gages were mounted on each of the 
two diagonal elements near the end diaphragm in this 
quarter of the bridge model. Outside this intensively 
instrumented quarter, additional strain gages were 
positioned to verify the symmetry of the behavior under 
symmetric cases of loading. For unsymmetric cases of 
loading, the strains in the quarters of the bridge model 
without instrumentation were determined by positioning the 
load at other locations symmetric with the load point and 
re-reading the strain gages. 
Two strain gages were also mounted on the opposite 
sides of each Dywidag tendon. The average of the two gages 
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gave the axial strain in each tendon and also eliminated 
flexural effects. All the strain gages on Dywidag tendons 
were read during post-tensioning, but only half of them 
(those in the vicinity of the intensively instrumented 
quarter of the bridge) were read during live-load testing. 
All strain gages were temperature compensated. They 
were mounted on the steel and concrete surfaces employing 
the adhesive and surface preparation recommended by the 
strain gages' manufacturer. Three-wire leads were used to 
minimize the effect of the lead wires and any temperature 
changes, which were minimal in the laboratory environment. 
All strain gages were waterproofed using a minimum of two 
coats of a solvent-thinned Neoprene rubber coating. 
In addition, the model was fitted with 11 DCDTs. These 
were distributed to measure vertical deflections along the 
shell edge beams and the curbs and across the deck at 
midspan. The location of the DCDTs is shown in Fig. 5.11. 
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6. TESTING AND ANALYSIS OF RESULTS 
As previously mentioned, the model was tested using a 
single concentrated load positioned at various locations on 
the deck to determine the position that produces the 
maximum effect in each region of the model. In addition, 
the model was also tested using simulated HS20-44 trucks to 
investigate the behavior of the bridge under service loads. 
The following sections summarize the testing of the model 
and the results obtained from these tests. 
6.1. Post-Tensioning of the Model 
6.1.1. Post-tensionina procedure 
The six concrete segments were post-tensioned following 
the steps shown in Table 6.1. The tendons that were 
tensioned at any load step are designated by the shaded 
areas in Table 6.1. The magnitude and sequence of the load 
steps were determined such that the stresses in the model 
were within the AASHTO [2] allowable stresses throughout 
the post-tensioning process. During the post-tensioning, 
the curbs were connected to the shell edge beams using 
diagonal truss elements (Configuration 2 in Fig. 5.2). 
Equipment limitations in the Structures Laboratory only 
permitted the application of the post-tensioning forces to 
four Dywidag tendons simultaneously. Symmetry was 
maintained in applying the post-tensioning forces to avoid 
Table 6.1. Stages and magnitude of post-tensioning forces 
Tendons and Post-tensioning forces (Kips) 
Stage 1 2 3 4 5 6 7 8 9 10 
1 iiii 0.0 0.0 0.0 0.0 0.0 0.0 
2 ## 0.0 iiii 0.0 0.0 0.0 0.0 0.0 
3 4.99 4.91 0.0 5.12 4.88 0.0 5.12 5.26 4.89 4.86 
4 5.04 4.83 0.0 5.16 4.81 0.0 10.45 10,90 10,08 10.09 
5 5.06 4.76 0.0 5.19 4.75 0.0 14.55 14.91 15.71 15.05 
6 5.09 4.71 0.0 5.23 4.71 0.0 20*51 20.23 20,41 20.04 
7 5.10 4.69 0.0 5.24 4.69 0.0 21.07. 20.38 21.04 21.59 
Temporary steel beams were dropped after Stage 7 
8 5.01 4.98 0.0 5.11 4.61 0.0 21.32 20.51 21.40 21.60 
9 4.71 4.96 4.07 5.09 4.59 iiii 21.37 20.56 21.85 22.04 
10 4.69 4.93 8.11 5.06 4.56 HM 21.50 20.60 21.86 22.06 
11 0a mm 8.04 iiii mm# 8.08 21.54 20.63 22.59 23.11 
12 iiiii illii 7.95 
il 
MM# 7.99 21.58 20.64 22.57 23.12 
13 10.11 9.98 8.00 10.19 10.00 8.02 26*32 25,87 26,57 27.03 
14 10.15 9.90 8.04 10.25 9.92 8.07 31.43 30.42 31.31 
2i 0 
15 10.19 9.86 8.08 10.31 9.87 8.12 36.61 35.76 36.10 37.64 
16 10.24 9.82 8.13 10.37 9.83 8.15 41.63 40.23 41.38 
17 10.25 9.75 8.15 10.39 9.74 8.18 42.29 42.13 41.66 42.92 
• See Fig. 5.6 for Dywidag tendons. 
• Shaded areas identify the tendons that were tensioned in each load step. 
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causing transverse moments in the model. After load Step 
7, the two temporary steel beams (see Fig. 5.6) were 
lowered, leaving the bridge model supported on the end 
abutments. The magnitude of the forces in the post-
tensioning tendons at this stage were predetermined to 
maintain the stresses in the model within the AASHTO [2] 
allowable stresses before and after removing the temporary 
steel beams. The post-tensioning process was then 
continued following Steps 8 through 17 as shown in Table 
6.1. Deflections, strains, and applied post-tensioning 
forces were continuously monitored during the post-
tensioning process. 
Table 6.1 illustrates that increasing the forces in the 
Dywidag tendons on one side of the neutral axis increased 
the forces in the tendons on the opposite side. This 
mutual effect is more obvious for the tendons located 
farther away from the neutral axis (i.e., tendons 1, 4, and 
7 through 10 in Fig. 5.6). For example, when tendons 7 to 
10 were tensioned in stage 3 through stage 7, the forces in 
tendons 1 and 4 increased by 0.11 and 0.12 kips, 
respectively. Table 6.1 also illustrates that the forces 
in the tendons were symmetric as intended. This was 
facilitated by using one hydraulic pump to feed all 
hydraulic jacks simultaneously. Since the oil pressure in 
105 
all jacks was the same, the forces in the tendons that were 
post-tensioned at any stage were almost equal. 
6.1.2. Response of the model under dead load and post-
tensioning forces 
A comparison between the finite element results and the 
experimental results under the effect of dead load and 
post-tensioning forces is presented in Figs. 6.1 through 
6.4. The difference between the finite element results and 
the experimental results for the deflection across the deck 
at midspan was within 12% (see Fig. 6.1). A good agreement 
also exists between the analytical and experimental results 
of the longitudinal strain distribution along the top of 
the curb and bottom of the shell edge beam''' as shown in 
Figs. 6.2 and 6.3, respectively. The irregular pattern in 
the distribution of the longitudinal strain in these two 
figures was caused by the gusset plates. The cross-section 
stiffness increases at the gusset plate locations, reducing 
the strain in the concrete in the vicinity. The 
distribution of the longitudinal strain on the top surface 
of the deck at midspan followed a smoother pattern (see 
Fig. 6.4). This indicates that the effect of the gusset 
plates on the strain distribution (illustrated in Figs. 6.2 
'whenever referring to measurements along the curb or the 
shell edge beam, these measurements are taken along the 
curb and the shell edge beam adjacent to the intensively 
instrumented quarter of the model (i.e., curb A and edge 
beam B in Fig. 5.11). 
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and 6.3) is localized. The high strain values near the end 
of the model obtained from the finite element results (see 
Figs. 6.2 and 6.3) were caused by the idealization of the 
post-tensioning tendons and the brackets in the 
mathematical model. The post-tensioning forces are 
transferred to the concrete section as concentrated loads 
at the end nodes. This results in the high strain 
concentration near the end of the curbs and the shell edge 
beams. A finer mesh can be used in these regions to 
predict more accurate results. However, this was not 
investigated further because the predicted stress values 
were less than the AASHTO [2] allowable stresses. 
The strains in the transverse direction induced by the 
dead load and the post-tensioning forces could not be 
accurately measured because of their relatively small 
values. Also it was believed that the way the segments 
were supported on the temporary steel beams during the 
assembly (see Fig. 5.6) might have induced some transverse 
strains in the segments prior to post-tensioning. 
6.2. Response of the Model Under Single Concentrated Loads 
A 3500 lb. concrete block was used to test the response 
of the model under single concentrated loads. This value 
of the load was enough to induce measurable strains and 
deflections without damaging the model. Rubber pads (12" x 
12" X 1") were used to minimize the impact when the load 
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was positioned on the deck and also avoid "point loading" 
on aggregate that might be near the top surface. The load 
was applied at the intersection points between the 
longitudinal and transverse axes shown in Fig. 6.5. In the 
subsequent sections, these load points (darkened in Fig. 
6.5) are identified by the two axes intersecting at the 
point of interest. These tests were conducted utilizing 
the five configurations of the truss elements shown in Fig. 
5.2. The experimental results of these tests are 
summarized in Figs. 6.6 through 6.14; a brief description 
of the structural behavior is presented in the following 
subsections. The finite element results of selected 
loading cases in conjunction with selected configurations 
are compared to the experimental results later in this 
section (see Sec. 6.4). 
6.2.1. Vertical displacements 
The deflections across the deck at midspan under the 
effect of the 3500 lb. load applied at point H-1, H-2, and 
H-3 are shown in Figs. 6.6a, b, and c, respectively. 
Because the deck acts as a plate supported on four elastic 
supports along the connection to the curbs and to the 
shell, the position of the load and the stiffness of each 
support affect the behavior of the model. Figure 6.6a 
illustrates that the bridge built without web members 
(Configuration 5 in Fig. 5.2) experiences the largest 
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deflections when the load is applied at point H-1. In this 
case, the stiffness of the supports provided by the curbs 
are relatively low because of the lack of connection 
between the curbs and the shell edge beams. This causes 
the deck to act more like a plate with double cantilevers 
and leads to larger deflections. Figure 6.6a also 
indicates that Configurations 1 and 2 have the largest 
stiffness with no substantial difference between the two 
configurations. By comparing the values of the deflections 
of different configurations, it can be seen that connecting 
the curbs to the shell edge beams improved the structural 
behavior of the section. The addition of the truss 
elements changed the structural behavior to approximately 
that of a closed section. This resulted in smaller 
deflections and higher torsional stiffness as indicated by 
the smaller differential displacement between the two curbs 
(see Fig. 6.6a). However, the use of an inclined diagonal 
was more effective than using vertical truss elements. The 
diagonal truss elements transform the vertical loads into 
axial forces acting on the curbs and the shell edge beams 
and lead to a further reduction in the deflections. 
The difference between the maximum deflections of 
various configurations was smaller when the load was 
applied at points H-2 and H-3 as shown in Figs. 6.6b and c, 
respectively. The distribution of the deflection across 
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the deck was affected by the difference in the stiffness of 
the five tested configurations. The smaller stiffness of 
the curbs of Configuration 5 causes Curb A of this 
configuration (see Fig. 6.6b) to experience larger 
deflections when the load was applied at point H-2. The 
smaller deflection of both curbs of Configuration 5 in Fig. 
6.6c was caused by the same reason. Figure 6.6 illustrates 
that connecting the curbs to the shell edge beams has more 
effect on improving the structural behavior of the section 
under loads applied near the curbs than under loads applied 
near the center of the deck. 
Figures 6.7a and 6.7b show, for the five 
configurations, the deflections along the curb and the 
shell edge beam caused by a load applied at point H-1. The 
deflections of the curb measured at midspan is almost equal 
to that of the shell edge beam in case of Configurations 1 
through 4. The lack of web members in Configuration 5 
resulted in a deflection of the shell edge beam of about 
half of that of the curb (see Figs. 6.7a and 6.7b). This 
emphasizes that connecting the curbs to the shell edge 
beams yields a stiffer section and forces the deck and the 
shell to act together as one unit. 
The deflection measured along the curb was affected by 
moving the applied load across the deck from one side of 
the model to the other. In the case of Configuration 2, 
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the deflection along Curb A is negligible when the load was 
positioned beyond the far shell-deck connection opposite to 
this curb as shown in Fig. 6.8a. Similar behavior was 
noticed for Configuration 5, when the load was moved beyond 
the center point (see Fig. 6.8b). These same behaviors 
were also observed when the deflection along the shell edge 
beam was examined. 
6.2.2. Longitudinal strains 
As shown in Fig. 6.9, the maximum longitudinal strain 
on top of the curb did not occur at midspan even though the 
load was positioned at point H-1, i.e., when the load was 
applied at midspan. This was caused by the presence of the 
gusset plate mounted at this point, which stiffens the 
section at this location, resulting in small strains. The 
figure also illustrates that Configuration 5 experiences a 
maximum strain significantly higher than those measured for 
other configurations. 
The distribution of longitudinal strains along the top 
of the curb induced by applying the load at point G-1 is 
presented in Fig. 6.10. Since Configurations 1 and 3 have 
truss elements connected to the curb at midpoints of the 
segments as well as the. joint locations (see Fig. 5.2), 
these configurations experience maximum strains 
significantly less than other configurations. However, the 
strain values for these two configurations are larger than 
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those reported in Fig. 6.9 for a load at midspan (point H-
1). This is because the gusset plate at point G-1 has 
relatively small dimensions (see Fig. 5.3) and did not 
allow a significant portion of the forces in the curb to be 
transferred through the gusset plate. The strains are even 
larger in the case of Configurations 2 and 4. In this 
case, the curb acts as a continuous beam supported on the 
truss elements at joint locations only (see Fig. 5.2). 
This causes an increase in the strains on top of the curb 
of these two configurations. The figure also illustrates 
that Configuration 5, with no truss elements, experiences 
the largest value of maximum strain when compared to the 
other configurations. 
Figure 6.11 illustrates the distribution of the 
longitudinal strains along the bottom of the shell edge 
beam under a concentrated load applied at H-1. Notice that 
Fig. 6.11 shows that the maximum longitudinal strain did 
not occur at midspan. Because the load is not applied 
directly to the shell edge beam, moving the load to point 
G-1 did not change the behavior of the shell edge beams as 
it did for the curbs. 
6.2.3. Transverse strains 
The distribution of the transverse strains on top of 
the deck caused by a load at point H-1 and point H-3 for 
the five different configurations in Fig. 5.2 are shown in 
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Fig. 6.12. Figure 6.12a illustrates that there are no 
significant differences in the strain distribution across 
the deck for Configurations 1 through 4. On the other 
hand, leaving the deck and the shell unconnected, as in 
Configuration 5, allowed the portion of the deck near the 
curbs to behave more like a cantilever slab. This leads to 
larger tensile transverse strains on the top of deck at the 
"fixed-end" of the cantilever, i.e., at the shell-deck 
connection as shown in Fig. 6.12a. As the load moves to 
the center (load point H-3), the differences between the 
various configurations decrease as shown by Fig. 6.12b. 
As the load is applied on the deck, the variation in 
the deflections across the width of the model causes the 
shell-deck connection to rotate. These rotations impose a 
transverse moment on the shell. Referring to Fig. 6.6, the 
maximum rotations at the shell-deck connection occurred 
with Configuration 5 when the load was applied at load 
point H-1. As a result, the maximum positive transverse 
strains at the bottom of the shell occur near the shell-
deck connection of Configuration 5 when the load is applied 
at this point (see Fig. 6.13). The presence of the truss 
elements in Configurations 1 through 4 affects the 
transverse strain distribution in the shell. The smaller 
deflections of the deck and, subsequently, the smaller 
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rotations of the shell-deck connection, led to a 
significant reduction in the transverse strains in the 
shell (see Figs. 6.12a and 6.12b). 
6.2.4. Shear stresses 
Shear stresses on the bottom of the shell were computed 
using the strain readings of the rosettes mounted on the 
bottom surface of the shell near the end diaphragm (see 
Fig. 5.11). For all configurations, the maximum shear 
stresses were obtained when the single load was applied at 
point C-2. In this loading case, a large portion of the 
load was directly transferred to the support through the 
shell resulting in higher shear stresses in the shell near 
the end diaphragm. The difference between the maximum 
shear stresses for the various configurations was within 9% 
with Configuration 5 having the largest stresses (see Fig. 
6.14). 
Analytical results indicate that a high strain gradient 
exists in the shell near the end diaphragm. This may have 
been a source of error in the reading of the strain gages 
in this region as strain gages with relatively long gage 
lengths were used. Another source of error is the fact 
that the centers of the three strain gages that formed a 
rosette were not at the same point. The error caused by 
shifting the centers of the three strain gages also 
increases at the areas of high strain gradient. Therefore, 
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the expected error in the shear stress readings is larger 
than for other strain readings. 
6.2.5. Forces in truss elements 
The axial forces in the two diagonal truss elements 
near the end diaphragm of Configurations 1 and 2 when the 
single load moves near the curb (i.e., along line 1 of Fig. 
6.5) are plotted in Fig. 6.15. The force in the first 
truss element near the end diaphragm, identified as element 
1 in Fig. 6.15, is mainly a function of the reaction of the 
near support. Because the reaction is almost the same in 
both configurations, there is no significant difference 
between the influence lines of this element for the two 
configurations. The difference was more significant in 
case of the second diagonal element (element 2 in Fig. 
6.15). The presence of the vertical truss elements of 
Configuration 1 led to a significant reduction in the force 
in the second diagonal member of this configuration when 
the load was applied near the end of the model beyond the 
first joint (see Fig. 6.15). In this case, a portion of 
the load is transferred through the vertical element 
leading to smaller forces in the diagonal element. 
6.3. Response of the Model Under Truck Loading 
To determine the response of the model under service 
loads, the model was also tested with loads simulating 
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AASHTO HS20-44 trucks [2]. As determined by the theory of 
similitude, the equivalent wheel load for the 1:3 scale 
model is 1/9 of the HS20-44 wheel load. To simulate a 
truck, the 3500 lb. load was applied on the deck six times, 
once at each wheel location. The six readings were 
superimposed after multiplying each reading by a correction 
factor to account for the difference between the applied 
load and the equivalent wheel load. The correction factor 
was 0.127 for the front wheels and 0.508 for all other 
wheels. 
For convenience, the maximum moment was assumed to be 
produced by the trucks when they were positioned such that 
their middle axles were at midspah. This position of the 
truck will be referred to as a truck at midspan. As 
mentioned in Section 5.5.3, a truck in this position 
produces a moment essentially equal to the actual maximum 
bending moment that can be produced by the truck. For the 
case of maximum bending moment, the model was tested under 
the effect of two simulated AASHTO HS20-44 trucks side-by-
side at midspan. The model was also tested under truck 
loading to produce maximum shear stresses in the shell. 
This was accomplished by positioning the two simulated 
AASHTO HS20-44 trucks side-by-side with their rear axle at 
the midpoint of the first segment (Line C in Fig. 6.5). 
This location was determined based on the results obtained 
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with a single concentrated load as summarized in Section 
6.2. 
In all cases, two positions of the trucks with respect 
to the longitudinal axis of the model were investigated. 
The model was tested once with the trucks at legal distance 
from the curbs and then with the trucks as close to the 
centerline of bridge as AASHTO [13] permits. Also, for 
each loading, the two trucks were assumed to be moving in 
the same or opposite directions to produce maximum effects. 
The behavior of the model under the case of maximum 
torsional moment was also investigated. This case was 
considered to occur when a single truck was positioned at 
midspan close to the curb. A list of the truck loading 
cases is presented in Table 6.2. 
6.3.1. Deflections 
The higher contribution of the diagonal truss elements 
to the stiffness of the structure was still evident in all 
the truck loading cases. Figure 6.16a illustrates that the 
deflection of the curbs of Configurations 1 and 2 under 
load case T1 (see Table 6.2) was smaller than the 
deflection of the center point even though the two trucks 
were positioned near the curb. Under this case of loading. 
Configuration 5 experienced the maximum deflections of the 
curbs (see Fig. 6.16a). 
As the trucks were moved laterally toward the center. 
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Table 6-2. Cases of loading of the AASHTO HS20-44 trucks 
Load Case Loading Direction of 
Truck Movement 
T1 Two trucks close to the 
curbs at midspan 
same direction 
T2 Two trucks close to the 
centerline at midspan 
same direction 
T3 Two trucks close to the 
curbs at midspan 
opposite 
directions 
T4 Two trucks close to the 
centerline at midspan 
opposite 
directions 
T5 Two trucks close to the curb 
near the end 
same direction 
T6 Two trucks close to the 
centerline near the end 
same direction 
T7 One truck close to the curb 
at midspan 
N/A 
(load case T2 in Table 6.2), the differences between the 
vertical deflections across the deck at midspan for the 
various configurations were smaller (see Fig» 6.16b). For 
all configurations, the maximum deflection under this case 
of loading occurs at the center. The maximum 
deflection/span ratio under load cases T1 and T2 was 
1/2000. This is far below the AASHTO allowable deflection, 
which is 1/800 of the span length. 
Load case T1 also produced the maximum deflections 
along the curbs and the shell edge beams (Figs. 6.17 and 
6.18, respectively). Configuration 5 experienced the 
largest deflection of the curb along the entire length of 
the model. The lack of truss elements in case of 
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Configuration 5 caused the smaller deflection of the shell 
edge beam of Configuration 5 at midspan (see Fig. 6.18). 
Note that the plots along the curbs and the shell edge 
beams under truck loading are not symmetric about midspan 
because of the difference between the front and rear wheel 
loads. 
6.3.2. Longitudinal strains 
The maximum longitudinal strains on the top of the curb 
and bottom of the shell edge beams were recorded after load 
case T1 was applied (see Figs. 6.19 and 6.20). Once again, 
the strain distribution along the top of the curb (see Fig. 
6.19) was affected by the presence of the gusset plates. 
In addition, the pattern of the strain distribution was 
also affected by positioning the front and rear wheels 
between the locations where the truss elements of 
Configurations 1 through 4 are connected to the curb (see 
Fig. 5.2 for the location of the connections). The moments 
that are developed in the curb as it behaves as a 
continuous beam supported at the connection points are a 
function of the wheel loads and their location relative to 
the connection points. 
6.3.3. Transverse strains 
The maximum values of the transverse strains on the top 
of the deck were produced by load case T2. The resulting 
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distribution of the transverse strains on the top of the 
deck at midspan had the same pattern for all configurations 
(see Fig. 6.21). 
Load cases T1 and T2 produced the maximum positive and 
negative transverse strains on the bottom of the shell at 
midspan, respectively. For all configurations, the maximum 
positive strains occurred near the shell-deck connection, 
while the maximum negative strain occurred near the shell 
edge beam (see Figs. 6.22a and 6.22b). The maximum 
positive and maximum negative strains and the strain 
gradient of Configuration 5 were larger than those of other 
configurations. 
6.3.4. Shear stresses 
Load case T6 produced the maximum shear stress on the 
bottom of the shell near the end diaphragm. Configuration 
5 produced the largest shear stresses. The difference in 
the maximum shear stress for various configurations was 
within 10% (see Fig. 6.23). 
Although the torsional moments associated with load 
case T7 were expected to produce additional shear stresses 
in the shell, load case T6 was still the governing case. 
This is because the location of the trucks in case T6 was 
closer to the supports and, consequently, resulted in 
larger shear stresses. 
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6.4. Comparison Between Analytical and Experimental 
Results 
The experimental results indicated that Configuration 5 
had the least stiffness and that Configurations 1 and 2 had 
the greatest stiffness. The difference between 
Configurations 1 and 2 under all load cases studied above 
was insignificant. However, Configuration 2 was more 
economical than Configuration 1 because it required fewer 
truss elements; thus, Configurations 2 and 5 were selected 
to calibrate the theoretical techniques that were employed 
to analyze the integrated shell deck bridge. In this work, 
the ANSYS finite element computer program [8] was used to 
perform the analyses of these two configurations under 
selected loading cases. The results are summarized in 
Figs. 6.24 through 6.30. 
The analytical results of the deflections measured 
across the deck and along the curb and the shell edge beam 
under a concentrated load applied at load point H-1 were in 
a good agreement with the experimental results (see Figs. 
6.24a, 6.25, and 6.26). The maximum difference between the 
analytical and experimental deflections (about 14%) was 
that of the curb of Configuration 5 at midspan (see Fig. 
6.24a). The difference in other readings was less than 
this value. As the load was moved to the center of the 
model (load point H-3), both the experimental and 
analytical results yielded a symmetric pattern; the 
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theoretical and experimental values were in good agreement 
(see Fig. 6.24b). 
The strain readings from the various tests of the model 
were also compared to the finite element results. 
Distribution of the longitudinal strain along the top of 
the curb and the bottom of the shell edge beam for a single 
load applied at point H-1 followed the same pattern 
obtained by the finite element analysis (see Figs. 6.27 and 
6.28). The difference in the value of the maximum strains 
along the top of the curb and the bottom of the shell edge 
beam were 11% and 6%, respectively. As explained earlier, 
the presence of the gusset plates caused the irregular 
pattern of the strain distribution. 
The good agreement between the analytical and 
experimental deflection across the deck at midspan (Fig. 
6.24a) indicates that the behavior of the model in the 
transverse direction is similar to that obtained from 
finite element analysis. However, there is a significant 
difference between the theoretical and experimental 
transverse strains on the top of the deck at midspan under 
a single load applied at point H-3 (see Fig. 6.29). This 
discrepancy most likely was caused by applying the load at 
the location of the strain gage. Similar observations were 
noticed in conjunction with other strain gages that were 
mounted on the deck at the load points. These strain gages 
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were found to function properly before and after the load 
was applied at their location. This suggests that the 
reading of an individual strain gage mounted on the deck is 
unreliable when the load is applied at the strain gage 
location. Therefore, the discrepancy between the 
analytical and experimental transverse strains on the top 
of deck was disregarded. 
For further confirmation that the behavior of the model 
in the transverse direction follows that obtained by the 
finite element analysis, the analytical and experimental 
transverse strains on the bottom of the shell at midspan 
were compared for a single load applied at point H-1. As 
shown in Fig. 6.30, good agreement exists between the 
experimental results and the theoretical results. Note the 
sudden change in the transverse strains at the deck-shell 
connection (point A in Fig. 6.30). This is caused by the 
increased thickness of the cross section at this point. 
The experimental and theoretical axial forces in the 
first two truss elements near the end diaphragm for two 
cases of loading have been tabulated in Table 6.3. The 
maximum difference between the experimental and the 
analytical results is 18%. Part of the error resulted from 
the simplified idealization of the gusset plates and the 
truss element in the finite element model (see Section 
5.5.1). However, the results were considered satisfactory 
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Table 6-3. Forces in truss elements of Configuration 2 
Load Point Element Number Analytical Experimental 
H-1 First element 1170 993 
H-1 Second element -1201 -1050 
H-3 First element -420 -497 
H-3 Second element 554 572 
and no further analytical idealization was investigated. 
6.5. Response of the Model Under Progressively Increasing 
Loads 
To check the linearity of the response of the model 
under progressively increasing loads, a single load was 
applied on the model with Configurations 2 and 5 at the 
load points on lines E, H, and K of Fig. 6.5. The.load was 
progressively increased in increments of 1000 lbs. until a 
load of 4000 lbs. was reached. The deflection of the load 
point for two loading cases was plotted versus the applied 
load for configurations 2 and 5 in Figs. 6.31a and 6.31b, 
respectively. The behavior remained linear up to this 
level of loading. Recorded strains indicated a linear 
behavior as well. 
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6.6 Cracking of the Model 
Some cracks in the model were documented before and 
during testing. Longitudinal hairline cracks were observed 
on the bottom surface of the shell of the four intermediate 
segments before the assembly of the model. No cracks were 
observed in the two end segments at this stage. Most of 
these cracks were concentrated near the connection of the 
shell to the edge beams. Most likely, these cracks 
resulted from the shrinkage of the concrete. The 
relatively large difference between the thickness of the 
shell and the shell edge beams leads to a different rate of 
shrinkage of these regions. Another possible reason for 
developing such cracks is the stresses that were induced in 
the shell during the removal of the wooden forms. The 
presence of the end diaphragms in the end segments 
restrained the deformations of the shell of these segments 
and thus prevented cracking. The crack lengths were marked 
before the model was loaded and were monitored during 
testing. No propagation of any of the shell cracks was 
observed throughout the test program. 
During testing, a vertical crack occurred at the middle 
of the end diaphragms of segment 1 (see Fig. 6.5) of the 
end diaphragms. This crack extended upward from the bottom 
of the diaphragm to a point near the deck. The 
experimental strain measurements near the bottom of the 
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diaphragm before the initiation of this crack were very 
low. This was also confirmed by the finite element 
results. Thus, the cause of this crack could not be 
determined. 
In addition, hairline cracks were observed on the 
bottom surface of the deck near the curb during application 
of the 4000 lb. load. These cracks were initiated near the 
curb in one side of segments 2 and 5 (see Fig. 6.5) and 
were parallel to the longitudinal axis of the bridge. 
These two segments were the first and the second segments 
to be cast. Limited experience of the personnel involved 
in casting the segments may have led to more voids in the 
concrete and consequently to a significant variation in the 
concrete strength in these two segments. 
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7. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 
7.1. Summary 
Aging, lack of maintenance, increases in legal loads, 
and increased traffic volumes cause more bridges to be 
added to the list of deficient bridges every year. As a 
result, authorities either reduce the allowable loads 
("posting") or close the deficient bridges. Detouring the 
traffic to avoid these situations is usually associated 
with longer routes that leads to higher transportation 
costs. Therefore, a bridge system that can be quickly, 
economically, and easily constructed will help alleviate, 
or in some instances, eliminate these bridge problems. 
The integrated shell-deck section presented in this 
study offers an economical alternative for constructing 
emergency bypass bridges or, with appropriate 
modifications, permanent bridges. In the later case, a 
bridge can be constructed in close proximity to existing 
bridges being repaired or replaced. When the temporary 
bridge is no longer needed, it can be disassembled and 
transported to another site or to a storage yard. The 
precast circular shell-deck segments can be post-tensioned 
together to form a bridge. In contrast to the massive 
beam-and-slab systems, relatively lightweight shell 
elements can be used to construct longer spans and to 
support larger magnitudes of live load. 
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The configuration of the integrated shell-deck section 
suggested in previous analytical work at Iowa State 
University was modified to achieve a more economical 
section and to improve the structural behavior of this 
innovative type of a bridge. A 1:3 scale model of a 100-
ft.-long, 30-ft.-wide, segmental shell-deck bridge was 
constructed and tested under various cases of loading. The 
model consisted of six segments, with the two end segments 
having 4-in.-thick end diaphragms. The six segments were 
post-tensioned together to form a 34 ft.-long, lO-ft.-wide 
simple span. The model was first analyzed using an ANSYS 
finite element program. The mathematical model was 
constructed for one-quarter of the bridge, and the 
appropriate symmetry and asymmetry boundary conditions were 
imposed at the nodes on the planes of symmetry. This 
allowed the analysis of the entire bridge under any general 
case of loading. The results of the finite element 
solutions were used to calibrate the required post-
tensioning forces that had been previously determined using 
conventional methods. Finite element results were also 
used to determine the internal forces in each component of 
the bridge and used in the design of the reinforced 
concrete model. 
The effect of connecting the curbs to the shell edge 
beams on the structural behavior of the shell-deck section 
153 
was investigated. Steel truss elements, rather than 
concrete elements, were used to connect the curbs to the 
shell edge beams. This allowed testing one bridge with the 
five following different shell-deck connection 
configurations : 
Configuration 1: Bridge with 12 diagonals at each 
side of the bridge and verticals at 
joints and midpoint of each segment. 
Configuration 2: Bridge with 12 diagonals at each 
side of the bridge. 
Bridge with verticals at joints and 
midpoint of each segment. 
Bridge with verticals at joints 
only. 
Bridge with no connection between 
the deck and the shell. 
The model was first tested under the effect of a single 
concentrated load acting at various locations. Maximum 
deflections, shear stresses, and longitudinal and 
transverse strains at different sections of the model were 
recorded for each loading position. The model was then 
tested using loads that simulated the AASHTO HS20-44 
trucks. These loads were positioned at locations to 
maximize stresses and strains in the model. 
Configuration 3: 
Configuration 4: 
Configuration 5; 
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7.2. Conclusions 
Based upon the results of the analytical and 
experimental investigations, the following conclusions can 
be made: 
1. The fabrication and construction of the 1:3 scale 
model verified the feasibility of constructing 
segmental shell bridges. 
2. Because of the efficiency of the curved shell, the 
integrated shell-deck sections exhibited high 
stiffness and yet were lighter in weight than 
conventional beam-and-slab systems. This may 
permit the construction of longer spans and could 
lead to more savings by the elimination of 
intermediate pier(s) . 
3. Finite element analysis is sufficiently accurate to 
analyze this complex type of bridge. 
4. Connecting the deck to the shell edge beam improved 
the overall structural behavior of the shell 
bridge. 
5. Using inclined diagonal members as a connection 
between the curbs and the shell edge beams was more 
effective than using vertical members. The 
diagonal members changed the structural behavior to 
essentially that of a closed section thus greatly 
improving the torsional stiffness. 
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Configurations 1 and 2 (see Section 7.1.) exhibited 
the most favorite structural characteristics of the 
five different configurations that were tested. 
However, Configuration 2 is more economical and is 
recommended to be used in actual construction. 
Testing the model under AASHTO truck loading 
produced deflections and stresses below the 
allowable values of the AASHTO specifications. 
External post-tensioning can be used in the 
construction of shell bridges, eliminating the 
problems associated with casting the thin shell 
portion. However, the external tendons need 
special protection against corrosion. 
7.3. Recommendations 
Methods of construction of segmental shell bridges 
needs to be studied to determine the most 
economical fabrication and construction technique. 
The response of the integrated shell-deck bridges 
to load in excess of design loads needs to be 
determined. The existing model can be used for 
this purpose. 
The effect of using intermediate diaphragms in 
improving the structural behavior of the shell 
bridge needs to be investigated. This is of 
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particular importance when Configuration 5 is 
employed. 
A study of the feasibility of achieving a more 
economical section by reducing the thickness of the 
shell is required. This may require using a full 
scale prototype to eliminate problems associated 
with using small-scale concrete models. The 
prototype may be constructed in the field and can 
be subjected to actual highway loads. The 
structural behavior of the thin shell under impact 
loads needs to be investigated. 
The effect of reducing the size of the gusset 
plates and the truss elements on the structural 
behavior of the model needs to be investigated. 
The use of other structural materials to construct 
shell bridges needs to be considered. Structural 
plastics should be investigated if they can be 
produced with an adequate modulus of elasticity to 
limit the deflections. Using stiffened, thin steel 
shells could be another alternative for 
constructing these bridges. However, the 
structural problems associated with thin shells 
need to be studied. 
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